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Claims 1-17 were pending in this application. Claims 1 and 2 are cancelled herein, and claims 3- 
17 are amended herein. Entry of these amendments is respectfully requested. Upon entry of 
these amendments, claims 3-17 remain pending in this application. 

On May 10, 2004, a telephonic interview was conducted between the undersigned Attorney for 
Applicant and Examiner Vogel. During that interview Attorney for Applicant presented 
technological bases directed to overcome the obviousness rejection based on Sauer (US Pat. No. 
4,959,317) and Berkner (Curr. Top. Microbiol. Immunol, 158:39-66, 1992) references. More 
specifically, Attorney for Applicant discussed differences between herpesviruses and 
adenoviruses, concluding that, at the time of Applicant's invention, there was not a reasonable 
expectation of success in applying to adenoviruses the methods in the Sauer '317 patent. No 
resolution of the issues was achieved, and at the end of the interview it was agreed that Applicant 
would provide evidence of the technological bases leading to this conclusion, and that the 
Examiner would consider this evidence. 

As part of this response Dr. Frank L. Graham, a co-inventor and expert in the field of 
recombinant virus technologies, provides a declaration under 37 CFR 1.132. References that are 
discussed in this declaration also are included, and comprise part of the evidence requested by 
the Examiner. Entry and consideration of Dr. Graham's Declaration and the associated 
references is respectfully requested. 

Drawings 

As discussed in the last Response (mailed 12/10/2003 and received at the Patent Office 
12/16/2003), Figure 6B was inadvertently omitted in the filing of this application, but this figure 
is present in application serial number 08/486,549, filed 6/7/1995, to which priority is claimed. 
Applicant appreciates that this inadvertent error creates a problem for the USPTO as far as its 
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amendment practice. In that Figure 6B is not essential to the enablement or other requirements 
of the present invention, the specification has been amended so that references to Figure 6B are 
removed. It is Applicant's understanding that Figure 6B currently is not incorporated in the 
specification (page 2 of 09/10/2003 Office action), so no amendment to the drawings appears 
necessary to remove Figure 6B from the specification at this time. 

Sequence Compliance 

The Examiner, in the 03/09/2004 Final Office action, stated that the CRF in the most recent 
submission was found to be unreadable. Accordingly, in order to comply with this deficiency, 
Applicant provides herewith a replacement CRF, a replacement paper copy, and the following 
statements regarding these. A copy of the CRF Problem Report also is provided. 

The following statements are provided with regard to the provided Sequence Listing. 

I hereby state that the substitute/replacement copy of the computer readable form, submitted in 

accordance with 37 CFR 1 .825(d), is identical to that originally filed. 

Further, the Applicant states that the paper copy of the "Sequence Listing" in the present 

application is identical to the computer readable format copy enclosed herewith. I hereby state 

that the substitute/replacement copy of the computer readable form and the paper copy of the 

Sequence Listing do not include new matter. 

Should the U.S. Patent Office find that any requirement has not been fully and properly met, it is 
respectfully requested that the Attorney indicated below be contacted by telephone and provided 
an opportunity to fully comply with all requirements under 37 C.F.R. 1.821-1.825. 

Specification 

To comply with the objection under 35 USC 132, Applicant has removed by amendment herein 
the sentence "All applications for which priority is claimed are hereby incorporated by 
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reference." Applicant notes that priority to these applications remains in force. Applicant also 
has removed by amendment the two references to Figure 6B in the specification. 

Also in the amendments to the specification herein, Applicant requests entry of the 
REPLACEMENT CRF sequence listing and the identical paper copy, both enclosed herewith. 
Because the REPLACEMENT CRF is on a 3. 5 -inch floppy diskette, the paragraph describing the 
form of the CRF also is amended herein 

Claim Rejections - 35 USC S 112, second paragraph 

Claims 1-17 stand rejected under 35 USC §112, second paragraph, as being indefinite for failing 
to particularly point out and distinctly claim the subject matter which Applicant regards as the 
invention. 

Per discussion during the informal interview with the Examiner, claims 1 and 2 are cancelled, 
and amendments to other claims are directed toward overcoming this basis for rejection. 
Exemplary of such amendments is the amended portion of claim 3, . . inserted expression 
cassette comprising a promoter sequence, a coding sequence of a gene, and a transcription 
termination site, and site-specific recombinase target sites positioned to remove or invert a 
portion of the expression cassette op e rably link e d to th e g e n e, ... u . The claim as amended now 
specifies which basic regulatory elements are present in the cassette. Support for the inclusion of 
these cassette elements is found, inter alia, on page 12, lines 20-25, on page 13, lines 17-20, and 
page 16, lines 9-20. In that various rearrangements may be employed to control gene expression 
of a gene in the cassette, as disclosed in the specification, the phrase " positioned to remove or 
invert a portion of the expression cassette " replaces "operably linked to the gene." Support for 
this part of the amendment is found, inter alia, on page 22, line 14 to page 23, line 6 (see last 
sentence), page 26, line 7 to page 27, line 22 (with inversion discussed on page 26, line 26). 
Also, support for amendments to claims 14 and 16 is found, inter alia, on page 27, line 15 to 22, 
and page 28, line 20 to page 29, line 1. 
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Dependent claims 5, 7, 9, 1 1, 13, 15 and 17 have been amended only by insertion of — coding 
sequence of the - - before "gene" to comply with the Examiner's first basis for rejection under 35 
USC §112, second paragraph rejection (see page 4 of 09/10/2003 Office action, and page 4 of 
03/09/2004 Final Office action) in view of the previous and current amendments to their 
respective independent claims. As stated for previous similar amendments, these are believed to 
clarify, and not narrow, the scope of the claims. The same applies to other amendments made 
herein to conform to the Examiner's concerns expressed with regard to 35 USC §112, second 
paragraph. Also, these amendments do not add new matter. 

Also, Applicant respectfully makes the following point regarding the statement made in the 
03/09/2004 Final Office action on page 4, "Furthermore, if one assumes that the term 
"expression cassette" includes a promoter for expression of the recited gene, then expression 
would take place regardless of the control of the recited site-specific recombinase." To assure 
that this is not taken out of context at a later date by a third party, Applicant points out that this 
quoted statement would not hold true, at a minimum, for an embodiment in which there is a 
spacer inserted between the promoter and the coding sequences for the gene of the expression 
cassette. In such configuration one would not expect expression of the gene until a recombinase 
is introduced and the recombinase action removes the spacer (see Example 5, particularly page 
21, lines 14-25). 

Claim Rejections - 35 USC $ 103 

Claims 1-17 stand rejected under 35 USC § 103(a) as being unpatentable over Sauer (US Patent 
No.: 4,959,317) in view of Berkner (Curr. Top. Microbiol. Immunol., 158:39-66, 1992). As is 
well recognized, a prima facie case for obviousness requires 1) some suggestion or motivation to 
modify a single reference or combine the teachings of two or more references, 2) a reasonable 
expectation of success, and 3) a teaching or suggestion of all claim elements by the prior art 
reference(s). (MPEP2143) 
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During the informal telephonic interview of May 10, 2004, Attorney for Applicant provided a 
number of technological bases for the conclusion that, given the differences between 
pseudorabies virus (a herpes virus) utilized by Sauer and adenoviruses, there was not a 
reasonable expectation of success to achieve in adenoviruses what has been arguably disclosed to 
have worked in Sauer with recombinases in pseudorabies vectors. Attorney for Applicant 
discussed certain references that provided evidence of these differences. 

During that informal interview, the Examiner requested that evidence be provided to substantiate 
certain points made. Toward this end, evidence is provided in the form of Dr. Graham's 
Declaration and the articles referenced therein, as well as in discussion of such references (in #2 
below). Evidence and arguments also are provided that dispute that the requirements for the first 
element of the prima facie case for obviousness have been met (in #1 below). 

The arguments and evidence are subdivided into two general issues: 1) It is improper to interpret 
the paragraph in Sauer's '317 patent, col. 4, starting on line 27, to indicate that that "any virus 
could be used in the place of pseudorabies virus" when this is not explicitly stated and, in the 
alternative, without proper regard for differences and difficulties expected among different 
viruses, and 2) A number of DNA replication differences exist between herpes viruses and 
adenoviruses, and in view of one or more of these differences, it was not reasonable for one 
skilled in the art at the time of the present invention to expect success for the use of 
recombinases and recombinase target sites in adenoviruses. These are discussed in the sections 
below. 

1) It is improper to interpret the paragraph in Sauer's '317 patent, col. 4, starting on line 27. to 
indicate that that "any virus could be used in the place of pseudorabies virus" when this is not 
explicitly stated and, in the alternative, without proper regard for differences and difficulties 
expected among different viruses. 
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Near the beginning of the Detailed Description of the Invention of the '3 17 patent, Sauer et al. 
provide a general paragraph, starting on line 27 of col. 4, indicating that a DNA sequence may be 
introduced into eukaryotic cells by methods known in the art. Included in that paragraph is the 
sentence, "As used herein, the term "vector" includes plasmids and viruses." In contrast to what 
is actually stated in this paragraph, the 09/10/2003 Office action states, "The reference discloses 
that any vector may be used, including viruses (column 4, lines 33-35)" (page 8, underline 
emphasis added). Further, the 03/09/2004 Final Office action stated this paragraph to indicate 
that " any virus could be used in the place of pseudorabies virus" (page 5, underline emphasis 
added). However, Applicant respectfully asserts that the insertion of "any" into the above- 
quoted sentence in the noted paragraph is unwarranted broadening that takes the sentence and the 
paragraph out of context. This insertion is without evidentiary support on the part of the Patent 
Office, and therefore is not proper. Accordingly, and quite simply, under any reasonable reading 
of the paragraph, no basis exists to add "any." Thus, the Patent Office has erred in its additions 
of the word "any" in its Office actions, and this has contributed to an erroneous use of the '317 
patent in the obviousness rejection. This factual conclusion counters the first element of the 
Patent Office's prima facie case for obviousness because Sauer' s '317 patent does not provide a 
suggestion or a motivation to be combined with adenovirus references such as Berkner. 

Additionally, and in the alternative, Applicant provides evidence to indicate there was a 
recognition on the part of Dr. Sauer, a co-inventor of the '317 patent and co-author of a scientific 
article referenced below, that the methods used in pseudorabies in the '317 patent were not 
broadly applicable to all viruses. This evidence supports a clearly limited interpretation of how 
far the method was perceived to be applicable, and thus the true meaning of the referenced 
paragraph (both technically and legally). As such, it directly opposes any conclusion that there 
would have been a reasonable expectation of success applying to adenoviruses what Sauer et al. 
demonstrated in pseudorabies in the '317 patent. 

This evidence is found in the concluding sentences in Gage, Sauer, Levine and Glorioso, "A 
Cell-free recombination system for the site-specific integration of multigenic shuttle plasmids 
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into the herpes. simplex virus type 1 genome," J. Virol 66: 5509-5515, 1992 (copy attached to 
Declaration of Dr. Graham). There, after discussing three other advantages of the method, the 
fourth advantage is stated "Finally, the Cre-lox-based recombination system should be useful for 
viral systems for which marker transfer procedures are currently difficult or unavailable. These 
include cytomegaloviruses, Epstein-Barr virus, and varicella-zoster virus." (page 5514) As 
noted in Dr. Graham's Declaration, with these final two sentences the authors of this paper, 
which include Sauer, the lead named inventor on the '317 patent, are stating only that viruses 
from the herpes family are likely to benefit from this method. Based on this evidence, it is most 
reasonable to conclude that the inventors' understanding of the paragraph starting on line 27 of 
col. 4 of the '3 1 7 patent did not mean that there was a reasonable chance of success that any 
virus could be adapted to work as successfully and predictably as the Cre-lox-based 
recombination system was believed would be useful for herpes viruses. This is supported by the 
three other advantages stated in the last paragraph on page 5514, two pertaining to superiority 
over marker transfers (which the above quotation indicates are a difficulty for the named herpes- 
family-member viruses), and the third pertaining to evidence that recombination efficiencies for 
Herpes Simplex Virus (HSV) were even better than for the previously reported pseudorabies 
virus (thus still focusing exclusively on herpes viruses). Clearly the focus is on herpes viruses, 
and not on all or any viruses. 

Further, in view of the Gage et al. reference, a proper interpretation of the sentence in '317 
starting on line 32 of col. 4, "As used herein, the term "vector" includes plasmids and viruses" is 
that whether the pseudorabies or related DNA construct was in the form of a plasmid or a 
functional virus, such construct is still considered a vector. Thus, this sentence is meant to 
ensure that both plasmid and virus forms are considered to be "vectors" in the '3 17 specification 
and claims (and not that all plasmids and all viruses are considered suitable vectors). 

Another argument pertains to the fact that there is more than one interpretation for the paragraph, 
starting on line 27 of col. 4, of the c 3 17 patent. Namely, later in that patent it is stated that in one 
embodiment the methods disclosed involve two or more introductions of a DNA sequence into a 
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eukaryotie cell (see col. 5, lines 30-50). One or two of such introductions provide a DNA 
sequence that has recombinase target sites placed in a specific location relative to functional 
parts of the DNA sequence (see col. 5, lines 53-68). Another introduction involves adding Cre 
DNA, preferably under control of a regulatory nucleotide sequence (see col. 5, lines 51-53). 
While the first phrase "introducing a DNA sequence" of the paragraph, starting on line 27 of col. 
4, and its later sentence, "As used herein, the term "vector" includes plasmids and viruses," 
might be read broadly to include all such DNA introductions, this paragraph also can be 
interpreted to refer only to the DNA introductions that introduce DNA into the cell that is 
comprised of recombinase target sites (i.e., the DNA sequences that are to be manipulated by 
Cre). Even if the paragraph were interpreted to refer to all DNA introductions, this nonetheless 
does not de facto mean that Sauer et al. considered that any virus, or that all viruses, would 
readily work well in place of the viruses they had developed to introduce DNA for either or all 
introductions. Thus, this multiple interpretation supports, at a basic level, doubt as to the 
applicability of this paragraph's disclosure to the Patent Office's obviousness rejection. 

Accordingly, the above provides evidence against two of the elements of the prima facie case of 
obviousness. First a proper interpretation of the paragraph starting on line 27 of col. 4 of the 
'317 patent does not provide a suggestion or motivation to combine the '3 1 7 teachings with an 
adenovirus reference such as Berkner. This is because the referenced paragraph does not broadly 
refer to all (i.e., any ) viruses, and, alternatively, does not refer to both DNA introductions. 
Further, the quotation from the Gage et al. article provides direct evidence that the lead inventor 
of the 6 3 17 patent did not perceive applicability for the '317 method beyond the herpes viruses. 
Alone or in combination with the evidence in the next section (and the Declaration of Dr. 
Graham), this provides evidence that there was no reasonable chance of success of using the 
methods disclosed in the 6 3 1 7 patent other than with herpes viruses. Based on the above, 
reconsideration and withdrawal of the obviousness rejection is respectfully requested. 

2) DNA replication differences exist between herpes viruses and adenoviruses, and in view of 
one or more of these differences, it was not reasonable for one skilled in the art at the time of the 
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present invention to expect success for the use of recombinases and recombinase target sites in 
adenoviruses. 

Absolute predictability is not required to support an obviousness rejection, but at least some 
degree of predictability is required (MPEP 2143.02). Applicant respectfully asserts that, in view 
of one or more pieces of evidence showing differences between pseudorabies/herpes viruses and 
adenoviruses, and unpredictability in certain aspects of adenovirus replication and 
recombination, summarized below and discussed in the attached Declaration of Dr. Frank L. 
Graham, the degree of predictability is insufficient for applying Sauer's teachings of 
recombinase and recombinase target sites to adenoviruses. Accordingly, based on this evidence, 
the prima facie case for obviousness has not been met and should be withdrawn. 

Key differences in the replication machinery and methods of pseudorabies/herpes viruses and 
adenoviruses are summarized below, as are aspects of unpredictability with regard to adenovirus 
replication and recombination. Detailed explanation based on attached scientific references is 
found in the attached Declaration of Dr. Frank L. Graham, full consideration of which (including 
the attached references) is requested during reconsideration of the obviousness basis for 
rejection. (To save time and space, the points are summarized below, rather than re-presented 
from the Declaration.) 

The key differences and aspects of unpredictability: 

1. Herpes viruses encode most of their own replication enzymes. Adenovirus DNA 
replication uses a unique mechanism, using its own DNA polymerase as well as cell 
enzymes, and involving long stretches of single-stranded DNA as intermediates in the 
DNA replication. The long stretches of single stranded DNA introduce uncertainty as to 
whether partially palindromic sequences, such as the loxP target sites of Cre, would be 
tolerated by the adenovirus replication machinery. Also working against a reasonable 
expectation of success were the higher possibilities of self annealing or hair pin formation 
that could interfere with the Ad DNA polymerase. 
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2. Recombination, which is much more prevalent in adenoviruses than in herpes viruses, 
adds to the unpredictability of the outcome with adenoviruses, and, consequently, there is 
an insufficient expectation of success when applying the methods shown to work in 
pseudorabies to adenoviruses. 

3. Splicing of mRNAs, to yield different proteins from a given span of DNA, is much more 
prevalent in adenoviruses than in herpes viruses. This increases the unpredictability of 
the outcome with adenoviruses. Consequently, there is an insufficient expectation of 
success when applying the methods shown to work in pseudorabies to adenoviruses. 

In conclusion, reconsideration and withdrawal of the obviousness rejection for remaining claims 
3-17 is respectfully requested. This is requested in view of the substantial evidence provided 
herein, including the Declaration of Dr. Graham and its attached references. It is believed that 
based on the weight of the evidence provided herein, in comparison to the evidence for the case 
of obviousness, the obviousness rejection is improper and should be withdrawn. 

All claims having been placed in condition for allowance, expedited passage of this case to 
issuance is respectfully solicited. 

Applicant requests that the Examiner call the undersigned if clarification is needed on any 
aspect of this response, or if the Examiner believes that any valid basis of non-patentability 
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remains after entrance and consideration of the remarks and amendments presented 
herein. 



Respectfully submitted, 
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EN THE UN 1TED STATES PATENT AN D TRADEMARK OFFICE 



Applicants: Frank L. Graham, et al. 

Examiner : Vogel, Nancy T. 

An Unit : 1636 

Docket No, : Docket No. AdVec 1 0IA-C5A (new docket no.: \ 0524-003) 

Serial No. : 09/98 1,685 

Filed : 10/17/2001 

For: ADENOVIRUSES FOR CONTROL OF GENE EXPRESSION 



Commissioner of Patents 

P.O. Box 1450 

Alexandria, VA, 22313-1450 

Dear Sir or Madam: 

DECLARATION OF FRANK L. GRAHAM. Ph.D^ JJNDER 37 CFR 1.1 32 

I, Frank L. Graham, Ph.D., hereby declare and say as follows: 

THAT I am currently a Visiting Professor at the Istituto di Richcrchc di Biologia 
Moleculare P. Angeletti Via Pontina Km. 30.600, 00040 Pomezia (Roma) Italy; 

THAT I was formerly employed, for a period of 27 years, as Professor in the Department 
of Biology and the Department of Pathology, McMaster University, Hamilton, Ontario; 

THAT I earned my Ph.D. in the Department of Medical Biophysics, at the University of 
Toronto, Toronto, Ontario, Canada in 1970; 

THAT I am one of the above-named Applicants and inventors of the subject matter 
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described and claimed in the above-identified patent application; 

THAT, I have studied the application Serial No. 09/981,685 and all office actions: which 
have been issued during prosecution of this application, as well as all responses which have been 
filed on the Applicants behalf. 1 further understand that two of the issues in the obviousness 
rejection in view of Sauer and Berkner references (discussed in the 09/10/2003 and 03/09/2004 
Office actions) pertain to J ) the meaning of the paragraph beginning on column 4, line 27 of 
Sauer' s US 4,959,317 and 2) the reasonable expectation of success of applying the techniques 
used by Sauer with pseudorabies-bascd vectors to adenoviruses. As to these issues, and being 
thus duly qualified, T declare as follows; 

1) I hereby declare that with respect to the paragraph beginning on column 4, line 27 of 
Sauer's US 4,959,317 which states "Methods for introducing a DNA sequence into 
eulcaryotic cells are known in the art. These methods typically include the use of a DNA 
vector to introduce the sequence into the DNA of a single or limited number of 
eukaryotic cells and then growing such cell or cells to generate a suitable population of 
cells. As used herein, the term "vector" includes plasmids and viruses. Preferably, the 
DNA sequences arc introduced by a plasmid capable of transforming a selected 
eukaryotic cell while carrying a DNA sequence. The particular vector which is employed 
to introduce the DNA sequence into a selected eukaryotic cell is not critical In a 
preferred embodiment, DNA sequences are introduced into mammalian cells according to 
the CaPO.sub.4 transfer procedure described by Graham and van den Eb, Virology, 
52:456-467 (1973)/ 4 that the examiner's interpretation of the expression '"the term 
"Vector" includes plasmids and viruses" to mean that "any virus could be used" in the 
practice of the *3 17 invention is incorrect for the following reasons: 

1. In the quoted paragraph Sauer is clearly discussing methods for establishing cell lines that 
have incorporated a DNA sequence carried by the DNA vector. This is the Standard meaning of 
the expression "transforming a selected eukaryotic cell". In addition, in the sentence begiinning 

'These methods typically include " ii is clear that Sauer is referring to transformation of 

eukaryotic cells since after introducing "the sequence into the DNA of a single cell(s)" he 
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says "then growing such cell or cells to generate a suitable population of cells" which is what 
one typically does to establish a population of transformed cells. Saucr goes on to say "In a 
preferred embodiment, DNA sequences are introduced into mammalian cells according to the 
Ca.PO-Sub.4 transfer procedure described by Graham arid van den Eb, Virology, 52:456-467 
(1 973) " At the time the k 3 17 application was filed, the CaP04 technique of Graham andVan der 
Eb was the standard technique for transformation of mammalian cells and was widely used for 
exactly this purpose. 

Furthermore, in the context of the quoted paragraph it would be incorrect to state that "any virus 
could be used' 1 to transform cells and it is noteworthy thai Sauer does not state this. For esxample, 
a lytic virus such as a Pox virus would not be a suitable vector for transformation of a eukaryotic 
cell because the host cell would be killed by the virus and it would be impossible to subsequently 
grow "such cell or cells to generate a suitable population of cells 15 . 

2) I hcrby declare dial the methods for construction and use of adenovirus vectors that were 
known in The art at the time the captioned application was filed, combined with the disclosure 
made by Sauer in US 4,959,3 1 7 on the use of the Cre-lox system in pseudorabies based vectors, 
were insufficient to provide a reasonable expectation of success in applying these same methods 
in adenovirus based vectors for the following reasons: 

1. Pseudorabies is a member of the Herpes Virus family of viruses which is a distinct class 
of DNA viruses from the Adenoviridae. Herpes viruses and adenoviruses differ in many (aspects 
that could have affected our ability to insert within an adenovirus vector a cassette of the kind 
taught in the captioned application, and to achieve success in the consistent expression of gene(s) 
in that cassette. For example as stated in Challberg and Kelly's article pertaining to adenoviruses, 
Ann. Rev. Biochem. 58: 671-717, 19S9-, on page 674 "Thus, the products of the first stage of 
DNA replication are a daughter duplex and a displaced single strand." And further in the same 
paragraph "Following a second initiation event, complementary strand synthesis proceeds from 
one end of the template to the other, generating a second daughter duplex. In both stages of 
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adenovirus DNA replication there is only one priming event per nascent daughter strand, so all 
viral strands are synthesized in a continuous fashion from their 5' termini to their 3' termini. And 
at the bottom of page 674 Challbcrg and Kelly state: "Initiation of adenovirus DNA replication 
occurs by a novel mechanism in which the first nucleotide in the new DNA chain becomes 
covalently linked to a virus-encoded protein, the terminal protein precursor. This mechanism is 
unique among the DNA viruses of mammals...." 1 * Furthermore Roizman in Virology, Second 
Edition, B,N. Fields Ed. Chapter 5 Multiplication of Viruses, pp 87-94, 1990. states on page 93 
left column middle: "Adenoviruses encode a DNA polymerase but depend on the host cells for 
many of the other functions involved in the synthesis of their DNA. Ai the other extreme arc the 
herpesviruses. Herpes simplex viruses encode numerous proteins involved in the pathway of 
synthesis of DNA." Roizman further states in Chapter 65 of the same volume, on page 1807 " A 
characteristic of herpesviruses not shared by other nuclear DNA viruses is that diey specify a 
large number of enzymes involved in DNA synthesis.' 1 

Thus Adenovirus DNA replicates by a unique mechanism, one that is distinct from that 
employed by Herpes viruses, and utilizing different polymerases and othcT DNA replicativc 
machinery. In particular the replication of the Ad genome involves a process that utilizes 
extensive single stranded DNA templates as intermediates in the DNA replitation process. 
Because of the involvement of long stretches of single stranded DNA in the replication of Ad 
DNA, there was uncertainty as to whether partially palindromic sequences as represented by the 
loxP target sites of Cre, and more particularly multiple repeats of such sequences would be 
tolerated by the Ad replication machinery since there could be a greater probability of self 
annealing or hair pin formation under such circumstances that could interfere with the Ad DNA 
polymerase. Accordingly, what was shown to wotIc in a herpes virus which has its own specific 
replication enzymes, does not provide evidence that there was a reasonable chance of success in 
a different virus class, the Adenoviridae, which do not share those enzymes and which in fact 
have their own specific DNA replication mechanism- It is noted that this evidence as to there not 
being a reasonable expectation of success., should be considered on its own and, alternatively, in 
combination with the other factors provided below. 
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2. As stated by Young and Silverstcin The kinetics of adenovirus recombination in nomotopic 
and heterotypic genetic crosses, Virology ] 01, 503-515, 1980 and as was well known in ihe art, 
"Adenoviruses undergo extensive recombination during the course of a productive mixed 
infection in cultured animal cells". It could not have been predicted that a sequence bounded by 
directly repeated loxP sites might not be excised by Spontaneous recombination at such a;high 
frequency that the methods taught in the captioned application might not be operable in practice. 
Indeed, as stated in the captioned application (page 20, line 27 to page 21, line 12, and Figure 
5C, comparing two most right columns of both graphs) spontaneous recombination was ' 
determined to occur at detectable levels (estimated from measurement of luciferase levels to be 
about 1% of the levels seen when Cre was present to induce site specific recombination). This 
recombination could not have been predicted to have been at this tolerable IcVcl; it could have 
been substantially higher and could have interfered with the method. In marked contrast,, Sauer 
saw no evidence for spontaneous recombination in the pseudorabies virus system (sec Tables 4-1 
and 4-2 showing that in the absence of Cre PRV42::pBS64 produced no black plaques that 
would result from excision of pBS<J4. The efficiency of spontaneous recombination from 'the data 
presented by Saucr was less than about 0.01% or at least 100 times lower than in the Ad system). 
Thus there was a clear difference between the spontaneous recombination frequency in the Ad 
vector system compared to pseudorabies although die methods taught in the captioned 
application were ultimately detennined useful, in spite of the level of recombination, upon 
conducting the experiments in the captioned application. 

3, During adenovirus replication there is extensive processing of viral RNA transcripts to 
mRNAs, and in particular most mRNAs are generated by RNA splicing of larger transcripts. 
(Indeed RNA splicing was first discovered in the adenovirus system.) This is true of most El 
transcripts as it is for transcripts from other regions of the Ad genome. In contrast, as pointed out 
by Rotzman, in Chapter 65 of the above cited volume, on page 1814 ''Notwithstanding the 
efficient expression of HSV genes in the environment of higher eukaryobo cells, only a relatively 
small proportion of HSV mRNAs are derived by splicing." Indeed, in work done in the 
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Declarant's laboratory in 1988 (Johnson et al., Abundant expression of herpes simplex virus 
glycoprotein gB using an adenovirus vector, Virology 164: 1-14, 1988) when a cassette 
containing an SV40 promoter was placed in E3 of an Ad vector it was found that expression of 
the inserted gB DNA sequences was dependent not on mRNAs regulated by the SV40 promoter 
clement but by splicing from RNA transcripts generated from a promoter or promoters upstream. 
On page 11 of the cited article is stated: "From the size and heterogeneity of cDNA species 
produced by primer extension it seems certain that at least some of the transcripts must initiate in 
upstream Ad5 sequences, and possibly involve the use of more than a single promoter and a 
variety of different splicing events." Thus in the Ad system the consequences of RNA splicing in 
terms of their effects on expression of inserted foreign DNA are not always predictable. 
Consequently, it could not have been predicted whether insertion of a more or less randomly 
chosen spacer DNA between a promoter and a cDNA in an Ad vector might have failed tb 
prevent expression of the downstream cDNA coding sequences if, for example, a splicing event 
utilizing cryptic splice sites that might be present in the spacer, effectively removed the spacer 
segment from the transcript. 

4. To the best of my knowledge no published reports had documented the insertion into 
adenovirus vectors of partially palindromic sequences such as those represented by lox sites 
either as single inserts or as multiple inserts at the time the captioned application was filed. 
Indeed, in the article by Gage, Sauer, Levine and Glorioso A Cell-free recombination system for 
the site-specific integration of multigenic shuttle plasmids into the herpes simplex virus type 1 
genome. J. Virol 66: 5509-5515, 1992 it is stated "Finally, the Cre-lox-based recombination 
system should be useful for viral systems for which marker transfer procedures arc currently 
difficult or unavailable. These include cytomegaloviruses. Epstein-Barr virus, and varicella- 
zoster virus." Since Sauer is inventor on the US 4 S 959,3 17 patent, used in the obviousness 
rejection, it is noteworthy that these authors suggest the use only of viruses from die herpes 
family. This provides evidence of the limited applicability of the method, a^far as virus classes, 
as perceived by a group of scientists that include Sauer. Further, this statement, which must be 
attributed to Sauer as a co-author, diminishes the scope that should be attributed to the paragraph 
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beginning on line 27 of col. 4 of the Sauer US 4,959,3 17 patent. That is, this statement provides 
evidence against the statement by the Examiner that Sauer indicated that e \ . . any virus could be 
used in place of pseudoiabies virus , . ,'\ 

Copies of the articles cited above are provided as an attachment to this declaration. 

Accordingly, in my opinion, and supported by the evidence of the articles attached to this 
declaration and explained above, given the very great differences between herpes viruses -and 
adenoviruses in their mechanisms of DNA replication and degree of RNA splicing and the 
documented difference between the results of Sauer in studies of a pseudorabies vector versus 
our results with an Ad vector in terms of spontaneous recombination of DNA flanked by loxP 
sites, and given the lack of any teaching in the an showing that DNA segments flanked by lox P 
sites could be cloned in Ad vectors in such a way as to functionally regulate expression of a 
downstream of a coding sequence, the obviousness rejection that has been advanced in the 
present application should be reconsidered by the US Patent Office and withdrawn. 

The undersigned declares further that all statements made herein of his own knowledge 
are true and that all statements made on information and belief are believed to be true; and 
further that these statements were made with the knowledge that willful false statements in the 
like so made are punishable by fine or imprisonment, or both, under section 1001 of title 18 of 
the U.S.C. and that such willful false statements made jeopardize the validity of the application 
or of any patent issuing thereon. 

Further declarant sayeth naught. - 
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This report describes a novel method for complementation studies of defective herpes simplex virus (HSV) 
genes. Viral test gene and nonviral reporter gene cassettes were rapidly integrated into the HSV genome in a 
site-specific and reversible manner by using the PI phage-based Cre-for recombination system. Shuttle 
plasmids contained a functional laxP recombination site, an expressible form of the bacterial lacZ gene, and a 
copy of the wild-type glycoprotein B (gB) gene or double mutant gB allele containing both a temperature- 
sensitive {ts) mutation and a syncytium (sy/i) -forming mutation. A recipient viral genome, KAT:tIoxl 9 was 
constructed from the HSV type 1 (syn) gB-deficient mutant virus, KAT, by marker transfer of the forP 
recombination site into the viral thymidine kinase locus. Shuttle plasmids of up to 12.9 kb in length were 
recombined with high efficiency (11 to 20%) into the KATi'Jaxl genome in cell-free, Cre-mediated recombi- 
nation reactions. Expression of a functional wild-type or double mutant gB polypeptide complemented the 
nonfunctional polypeptide expressed from the deleted, normal gB locus and allowed production of either 
wild-type or Syn" plaques on Vero cells. The latter recombinant virus was also ts for growth. The ability to 
express viral genes from plasmids which can be shuttled into and out of the HSV genome in cell-free 
recombination reactions makes this a powerful method for performing genetic studies of the biologic properties 
of viral gene products. 



Herpes simplex virus type 1 (HSV-1) belongs to a family 
of animal viruses typified by having large, complex DNA 
genomes (100 to 250 kb) (for a review, see reference 25). 
HSV-1 contains approximately 72 genes encoding proteins 
which may be classified as providing either essential func- 
tions for infectious-particle production in cell culture or 
accessory functions which contribute to viral pathogenesis 
and extend the virus host cell range during natural infections 
in vivo. Although the entire HSV genomic sequence is now 
known (21-23), the biological properties and roles in repli- 
cation for many of these viral functions have not yet been 
elucidated. 

The production and characterization of HSV mutants have 
provided the central approach to uncovering the functional 
roles of individual genes in carrying out different phases of 
the complex virus life cycle. The principal strategy has been 
to genetically alter cloned viral DNA segments and then 
study the affected biologic features of the mutant products 
either in transient transfection experiments or in infections 
after marker transfer of the mutant gene into the viral 
genome by homologous recombination. While transient as- 
says can be useful for the initial characterization of mutant 
constructs, many experimental approaches require that mu- 
tant genes be transferred into the viral genome (3, 7, 9, 11, 
12, 29) for analysis of their impact in complex settings such 
as infection of cell cultures or animals. Genetic studies 
which rely on marker transfer procedures are usually slowed 
by the requirement for prior characterization of the mutant 



construct and by a low yield of recombinants. As a conse- 
quence, this approach is rather laborious, particularly for 
experiments requiring the analysis of large panels of mutant 
constructs. Moreover, sequences transferred into the viral 
genome by homologous recombination are not directly re- 
coverable but must be recloned prior to further characteri- 
zation or manipulation. A more rapid method for introduc- 
tion of mutant constructs into the HSV genome, which 
would permit the identification of relevant mutations that 
result in a particular phenotype, would greatly facilitate the 
genetic and biochemical characterization of these viral genes 
and their products. 

Work by Sauer et al. (28) demonstrated that plasmid DNA 
could be efficiently inserted into a herpesvirus genome in an 
in vitro recombination reaction. By taking advantage of the 
Cre-Zax site-specific recombination machinery of bacterio- 
phage PI (2, 16, 33), a plasmid containing the 34-bp loxP 
recombination site, but completely lacking in homologous 
herpesvirus sequences, could be specifically inserted at a 
loxV site engineered into the pseudorabies virus genome. 
The inserted plasmid disrupted the nonessential gill glyco- 
protein gene. Recombination was efficient and could be 
accomplished in a cell-free reaction mixture consisting of 
only the viral and plasmid DNAs and the Cre recombinase. 
Transfection of the reaction mixture into suitable eukaryotic 
cells allowed for the rescue of infectious recombinant virus. 
Recombination efficiencies of at least 8% were reported, and 
the inserted plasmids were stably maintained in the viral 
genome. Furthermore, because the Cre recombination reac- 
tion is reversible, the inserted shuttle plasmid could be 
recovered from the recombinant viral genome by a Cre- 
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mediated intramolecular recombination reaction and by 
propagation after transformation of Escherichia coli. 

In this report, we describe how the Cre-/ox shuttle vector 
strategy was adapted for complementation of an HSV-1 
mutant with the essential glycoprotein B (gB) gene deleted. 
Wild-type and mutant copies of the gB gene were efficiently 
shuttled into and out of a gB~ lax? recipient virus genome. 
Recombinant viruses were identified on the basis of their 
blue-plaque phenotype derived from expression of a lacZ 
reporter gene present within the inserted shuttle plasmid. 
Expression of functional gB polypeptides from the inserted 
plasmids complemented the gB" defect of the recipient 
virus. Insertion of a temperature-sensitive (ts) and syn 
double mutant gB allele conferred both mutant phenotypes 
on the recombinant virus. These studies provided evidence 
that the Cre-/ax shuttle system will be useful for the genetic 
analysis of the roles of both viral genes as well as ra-acting 
genomic elements which function during virus replication. 

MATERIALS AND METHODS 

Cells and virus strains. Vero cells and the D6 cell line were 
maintained in Eagle's minimum essential medium (MEM) 
(GIBCO Laboratories, Gaithersburg, Md.) supplemented 
with 10 mM HEPES (iV-2-hydroxyethylpiperazineW-2- 
ethanesulfonic acid), the nonessential amino acids, and 5% 
newborn calf serum (GIBCO Laboratories). D6 cells, which 
were previously derived by transforming Vero cells with 
pKBXX (8) and pSV 2 neo (31), express HSV gB-1 upon 
infection and complement the growth of gB~ viruses (8). D6 
cells were maintained in culture medium supplemented with 
200 u.g of the antibiotic G418 (GIBCO Laboratories) per ml. 
For transfection experiments, the cells were maintained in 
MEM supplemented with 5% fetal calf serum (GIBCO 
Laboratories) instead of newborn calf serum. 

KAT is a derivative of HSV-1 (strain KOS) carrying a 
969-bp BstEll deletion within the essential gB gene and 
expresses an internally deleted, nonfunctional gB polypep- 
tide which is secreted into the medium (8). Both KAT and 
the complementing cell line, D6, were kindly provided by S. 
Person. KAT and KAT::facl (described below) were propa- 
gated, and their titers on D6 cells were determined at 37°C. 
Cre-mediated recombinants derived from KAT::/a*l were 
first isolated on D6 cells and then grown, and their titers on 
Vero cells were determined at 37°C. Recombinants contain- 
ing the ts form of gB were tested for this phenotype by 
plaque assays on Vero cells at 34 and 39°C. All recombinant 
virus stocks were derived from plaque-purified isolates. 

For plaque assays or individual plaque isolations, serial 
dilutions of virus stocks were inoculated onto confluent 
monolayers of the indicated cell line which were subse- 
quently incubated under methylcellulose (0.5% methylcellu- 
lose in MEM supplemented with 10 mM HEPES and 2% 
newborn calf serum) at 37°C until plaques developed. The 
cultures were then stained either with crystal violet (1% 
crystal violet in 50% ethanol) or with Bluo-gal (halogenated 
indoryl-p-D-galactoside) for p-galactosidase O-gal) activity 
(see below), and when appropriate, virus from individual 
blue plaques was isolated for subsequent purification. 

Bacterial strains. Plasmids were isolated and propagated in 
E. coli strains DH5a (15) or GM119 (gift from D. Oxender). 
Plasmid-transformed bacteria were grown in Luria broth (10 
g of tryptone per liter, 5 g of yeast extract per liter, 171 mM 
NaCl) supplemented with 75 u,g of ampicillin (Boehringer 
Mannheim Biochemicals, Indianapolis, Ind.) per ml or on L 
agar plates containing ampicillin. 



Construction of plasmids. All cloning steps and plasmid 
propagations were performed by standard procedures (15, 
17, 27). Enzymes were purchased from GIBCO-BRL, Inc., 
or Boehringer Mannheim Biochemicals and used as specified 
by the manufacturers. pLink760 (34), pONl (32), pKBXX 
(8), and pBS64 and pBS65 (28) have all been described 
previously. pUCXI (19) contains the HSV-1 BamHl P frag- 
ment containing the complete thymidine kinase (tk) locus 
subcloned from pXl (18) into pUC9. pJGlOl was con- 
structed from pUCXI by inserting a 354-bp Nael-Smal 
fragment containing a functional lax? site from pBS64 into 
the unique SnaBl site within the coding sequence for the tk 
gene. This 354-bp insertion occurs between residues 110 and 
111 of the TK protein and was expected to abrogate TK 
activity. A 270-bp BamHl-Pvull fragment from pBS65, 
including a functional lax? site, was inserted into pBSM13~ 
(Stratagene, La Jolla, Calif.) between the BamHl and Smal 
sites, creating pBS/carP. pIEP/acZ was constructed by sub- 
cloning a 763-bp Bglll fragment from pLink760 into the 
unique Bglll site of pONl, placing a promoterless cassette 
containing the bacterial lacZ gene under the control of the 
human cytomegalovirus immediate-early promoter (HCM 
VIEP). The HCMVIEP-/acZ gene cassette from pIEP/acZ 
was inserted at the unique BamHl site of pBSlox? as a 
4.7-kb BamHl fragment, creating pJG103. Finally, to con- 
struct pJG108 (see Fig. 3), pJG103 was partially digested 
with BamHl, the linear unit-length plasmid fragment was gel 
purified, and a 3.7-kb HSV-1 BamHUBcll fragment contain- 
ing the entire gB-1 (strain KOS) gene from pKBXX was 
inserted in the orientation shown (see Fig. 3). pJG102 (see 
Fig. 3) was constructed in a similar fashion from pBS/ocP by 
inserting (i) the ts syn gB-1 allele from the HSV-1 mutant 
tsB5 as a 4.9-kb Kpnl fragment (0.346 to 0.377 map units) at 
the pBS/axP Kpnl site and (ii) the 4.7-kb BamHl HCM 
VIEP-/acZ gene cassette from pIEPtecZ at the pBS/acP 
BamHl site. 

Viral DNA isolation. Viral DNA was isolated by a modifi- 
cation of standard methods for high-molecular-weight eu- 
karyotic DNA isolation (4, 14). Confluent Vero cell mono- 
layers were infected at a multiplicity of infection of 5. At 24 
h postinfection, virions free in the medium and released by 
freeze-thawing cells were combined and pelleted at 75,000 x 
g for 40 min. The virion pellet was resuspended in lysis 
solution (10 mM Tris-HCl [pH 7.5], 1 mM EDTA, 0.6% 
sodium dodecyl sulfate, and 0.25 mg of proteinase K per ml) 
and incubated at 37°C for 8 to 12 h. DNA was multiply 
extracted first with phenol-chloroform (1:1) and then with 
chloroform, precipitated with isopropanol, and resuspended 
in TE (10 mM Tris-HCl [pH 8.0], 1 mM EDTA) buffer. 

Marker transfer of lax? into KAT. The lax? site in pJGlOl 
was marker transferred into the tk locus of the KAT genome 
by homologous recombination after cotransfection of viral 
and plasmid DNAs into subconfl uent D6 cells as described 
by Graham and van der Eb (13) and modified by Homa et al. 
(18). Because marker transfer of the lax? fragment would 
interrupt TK expression, transfection lysates were enriched 
for TK~ viruses (24, 26) by serial propagation at low 
multiplicity of infection (<0.001) on D6 cells in MEM 
supplemented with 100 u-g of thymine 1-0-D-arabinofurano- 
side (araT) (Sigma Chemicals, St. Louis, Mo.) per ml. The 
enriched TK~ stock was used to inoculate D6 cell monolay- 
ers, individual plaques were isolated, and small virus stocks 
were grown on D6 cells in microtiter plates. Infected cell 
lysates were tested for the lax? insert by DNA dot blot assay 
with the Nael-Smal lax? fragment from pBS64 as probe. A 
recombinant virus, KATiilaxl, containing the lax? insert, 
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was purified by repeated rounds of limiting dilution and dot 
blot analysis. The lax? insertion into the tk locus was 
confirmed by Southern blot analysis (see Fig. 2) (30). Nytran 
filters containing the electrophoretically separated EcoKl or 
BamHl fragment from the indicated DNAs were first probed 
with a tk probe (2,416-bp EcoKl fragment from pUCXI) (see 
Fig. 3), stripped to remove the tk probe, and rehybridized 
with a lax? probe (350-bp Nael-Smal fragment from pBS64) 
(see Fig. 3). All probes used for dot blot and Southern 
analyses were labeled with a Random Primed DNA Labeling 
Kit (Boehringer Mannheim Biochemicals). 

In vitro C re-mediated recombination. lax? shuttle plasmids 
were recombined into the KAT::/dxl genome in cell-free Cre 
reactions under conditions similar to those described by 
Abremski and Hoess (1) as modified by Sauer et al. (28). The 
DNA mixture was incubated at 30°C for 30 to 40 min in the 
presence of Cre buffer (50 mM Tris-HCl [pH 7.5], 33 mM 
NaCl, 10 mM MgCl 2 ) and 40 ng of purified Cre protein (NEN 
Dupont Inc., Wilmington, Del.). For intermolecular recom- 
bination, reaction mixtures included KAT::/ocl viral DNA 
and a 20- to 50-fold excess of shuttle plasmid DNA, and 
polyvinyl alcohol was added to a final concentration of 1.7% 
to enhance intermolecular recombination (28, 35). Recombi- 
nation reactions were terminated by heating samples to 65°C 
for 10 min, and reaction mixtures were transfected into D6 
cells to produce infectious virus. When recovery of the 
shuttle plasmid from viral DNA was required, purified 
KAT::108 viral DNA was incubated with Cre in the absence 
of polyvinyl alcohol and the recovered plasmid was used to 
transform DH5a by standard protocols (27). 

Purification of Cre-mediated recombinant viruses. Recom- 
binant viruses were identified on the basis of their blue- 
plaque phenotype and purified by plaque purification and 
limiting dilution. Transfection lysates were diluted and 
plated at low multiplicity of infection (<0.01) onto confluent 
D6 cell monolayers. Plaques were tested for lacZ activity 
with Bluo-gal (GIBCO-BRL), and viruses producing blue 
plaques were picked as an agarose plug and resuspended in 
phosphate-buffered saline (PBS). Individual plaque isolates 
were then cloned by limiting dilution on D6 cells in microli- 
ter plates. Viruses were considered pure when 100% of the 
plaques stained blue through three successive rounds of 
limiting dilution. 

Assays for lacZ activity. Two assays were used to detect 
lacZ activity in developed plaques. For isolation of viable 
virus, cultures were rinsed with PBS (10 mM sodium phos- 
phate [pH 7.1], 136 mM Nad), overlaid with 300 mg of 
Bluo-gal-0.5% low-melting-point agarose (GIBCO-BRL) per 
ml in MEM supplemented with 10 mM HEPES and 5% fetal 
calf serum, and incubated at 37°C until color developed. 
When isolation of viable virus was not required, infected 
cultures were fixed and stained by a histological method with 
5-bromo-4-chlorcH3-indolyI-p-D-galactopyranoside (X-Gal) 
(Boehringer Mannheim Biochemicals). Infected cultures 
were rinsed with PBS, fixed for 5 min at room temperature in 
2% formaldehyde-0.3% glutaraldehyde in PBS, and incu- 
bated in a chromophore solution containing 0.1% X-Gal, 5 
mM l^Fe^NJe - 3H 2 0, 5 mM K 3 Fe(CN) 6 , and 2 mM MgCl 2 
in PBS. Incubation continued at 37°C until color developed 
(usually after 30 to 60 min), and the monolayers were again 
rinsed with PBS. 

RESULTS 

Direct isolation of Cre-toc-derived recombinant viruses on 
the basis of p-gal reporter activity. The general strategy for 




FIG. 1. HSV-based Cre /cuc site-specific recombination system. 
The target virus for site-specific recombination, KAT::toxl, was 
derived from KAT, and its genome contained (i) a cis- acting site- 
specific recombination site lax? from bacteriophage PI (arrowhead) 
inserted into the tk coding sequence and (ii) a defective gB allele 
(AgB) due to a 969-bp BstBll (Bs) deletion in the gB coding 
sequence, including the transmembrane domain. In the example 
shown, the pJG108 shuttle plasmid was recombined into KAT::/a*l. 
pJG108 contained a lax? recombination site (arrow), an HCMVIEP- 
lacZ reporter gene cassette for identification of virus recombinants, 
and the wild-type gB allele from HSV-1 strain KOS. The polarities 
of both the viral and the plasmid lax? sites are shown. pJG108 was 
inserted into the KAT: Joel genome at the tk lax? site in a cell-free 
Cre-mediated recombination reaction, and infectious virus was 
produced by transfection of the reaction mixture into D6 cells (8). 
The recombinant KAT:: 108 virus was diploid for the gB gene, 
containing both the deleted KAT::/arl allele (AgB) and the wild-type 
KOS allele (wt gB). KAT:: 108 also yielded blue plaques in the 
presence of Bluo-gal or X-Gal because of the HCMVIEP-/acZ 
reporter gene. 



using an HSV-1 shuttle vector system based on the bacte- 
riophage PI Cre-lox site-specific recombination machinery is 
shown in Fig. 1. The system consists of a recipient virus 
genome and a shuttle plasmid, each containing a functional 
cu-acting lax? recombination site, and the Cre recombinase 
protein. In a cell-free reaction, Cre-mediated recombination 
occurs directly between the two lax? sites (1) such that the 
entire plasmid is inserted into the recipient viral genome. 
Because the Cre reaction is reversible, the shuttle plasmid 
can also be recovered from the viral genome. 

A recipient target virus, KAT::/axl, was derived by 
marker transfer of a functional lax? site into the tk locus of 
the gB" HSV-1 mutant KAT genome (8). Like KAT, the 
KAT::iaxl recipient virus contains a 969-bp BstBll deletion 
within the essential gB gene and must be propagated on the 
^-complementing D6 cell line (8). KAT::/oxl genomic DNA 
was analyzed by Southern blot (30) to confirm the presence 
of the lax? site within the tk coding sequence (Fig. 2). 

Shuttle plasmids containing a functional lax? site, a re- 
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FIG- 3. pJG108 and pJG102 shuttle plasmids. Each plasmid was 
derived from pBS + and contains a laxP site-specific recombination 
site, an HCMVIEP-tecZ reporter gene, and an HSV-1 gB gene allele 
as the test gene. The gB genes of pJG108 and pJG102 are derived 
from HSV-1 strains KOS and tsB5, respectively. Restriction sites 
used to clone the respective fragments are indicated. 
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FIG. 2. Southern analysis of KAT::/axl viral DNA. Plasmid and 
viral DNAs were digested as indicated, electrophoresed in 1% 
agarose, and transferred to a Nytran filter (Schleicher & Schuell, 
Keene, N.H.). The filter was sequentially hybridized with 32 P- 
labeled probes to tk (2,416-bp EcoRl fragment from pUCXl) (A) and 
the farP-containing fragment (364-bp NaeVSmal fragment from 
pBS64) (B). The tk probe was quantitatively removed prior to 
hybridization with the lox? probe. (C) Restriction maps of relevant 
regions. Enzymes used were BamHl (B) and EcoKl (E). The 
positions of the tk gene (arrow) and the tk SnaBl (Sn) site used to 
clone the 354-bp Sma\ (S)-Nael (N) from pBS64 are also shown. 
Expected restriction fragment sizes in kilobases are also shown. 



porter gene consisting of the bacterial lacZ gene under the 
transcriptional control of the strong HCMVIEP-enhancer 
element, and one of two different alleles of the HSV gB-1 
gene were constructed from pBSM13" (Fig. 3). The reporter 
gene was included for use as a marker for identifying 
recombinant viruses containing the inserted shuttle plasmid. 
pJG108 contained the complete gB gene from the wild-type 
HSV-1 strain KOS. pJG102 contained the HSV-1 strain tsB5 
mutant gB gene; the mutant protein product has been shown 
to be defective at 39°C and to induce polykaryocyte forma- 
tion, or the syncytial (syn) phenotype, in infected cells at 
34°C (20). 

The pJG102 and pJG108 shuttle plasmids were indepen- 
dently introduced into the KAT::laxl genome in a cell-free 
Cre reaction. Infectious virus was produced by transfection 
of the Cre reaction mixtures into the gB-complementing D6 
cell line. After 2 days, transfection lysates were harvested 



and replated on D6 cells and plaques were tested for (J-gal 
activity. Virus from individual blue plaques from each ex- 
periment was isolated and subsequently cloned on D6 cells 
by multiple rounds of limiting dilutions. Viruses were con- 
sidered pure when 100% of the isolates tested were p-gal + 
through three rounds of limiting dilutions. For each virus, 
insertion of the shuttle plasmid was confirmed by Southern 
blot analysis (data not shown). Recombinant viruses were 
named by combining the KAT:: prefix of the recipient virus 
with the numeric suffix of the shuttle plasmid to yield 
KAT;: 102 and KAT:: 108, respectively. 

Cre-mediated recombination is highly efficient. One appeal- 
ing property of the Cre-/<ax system for introducing DNA into 
the pseudorabies virus genome was the relatively high 
recombination efficiency achieved (28). It was therefore of 
interest to determine the recombination efficiency of the 
HSV-based system. The presence of the lacZ reporter gene 
on the inserted shuttle plasmid provided a convenient 
marker for identifying recombinant viruses against a back- 
ground of nonrecombinant viruses. Since Cre reaction mix- 
tures were transfected into the gB-complementing D6 cells, 
both the nonrecombinant gB~ KAT::/oirl and the Cre- 
mediated gB* recombinants should undergo productive rep- 
lication with essentially equal efficiencies. Therefore, the 
percentage of p-gal 4 * plaques produced on D6 cells from a 
given transfection lysate provided a reliable estimate of the 
recombination efficiency of a particular recombination reac- 
tion mixture. 

DNA from four independent preparations of pJG108 was 
used in separate Cre reactions with a single preparation of 
KAT::/a*l viral DNA, and viruses in the resulting transfec- 
tion lysates were examined for frequencies of recombina- 
tion. The results are reported as the number of blue plaques 
per total number of plaques (Table 1). The Cre-mediated 



TABLE 1. Cre-mediated recombination efficiency 



Plasmid 0 


Dilution 6 


No. of blue 
plaques 


No. of total 
plaques 


% blue 
plaques* 


None 


-7 


0 


120 


0 


pJG108 


-5 


8 


40 


20 


pJG108 


-5 


5 


36 


14 


pJG108 


-4 


26 


233 


11 


pJG108 


-5 


5 


41 


12 



" Cre reactions contained cither no shuttle plasmid DNA or DNA from one 
of four pJG108 plasmid DNA stocks. 
6 Dilution of transfected cell lysate used for blue-plaque assay. 
c Percent blue-plaque values are (blue plaques/total plaques) x 100. 
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TABLE 2. Rescue of gB~ phenotype of KAT::/atl by 
Cre-mediated insertion of pJG108 or pJG102 



Virus 


Titer (PFU/ml) 


D6/Vero 
efficiency* 


Plaque 
morphology 




D6 


Vero 


D6 Vero 


KAT::toxl 
KAT::108 
KAT::102 


1.8 x 10 s 
8.5 x 10 s 
1.7 x 10 7 


0 

9.1 x 10 8 
1.8 x 10 7 


0 

1.07 
1.06 


Syn + NA* 
Syn + Syn + 
Syn Syn 



* For each virus, efficiency is defined as the titer on Vero cells/the titer on 
D6 cells. 
b NA, not applicable. 



CO 
O 

5 _ 

"2.1 23 45678910 



Miniprep DNAs 




recombination efficiencies ranged from 11 to 20% and aver- 
aged about 15%. 

Complementation of the gB~ phenotype of KATiiiaxl. 
Experiments were carried out to confirm that expression of 
the polypeptide from the shuttle plasmid would complement 
the defective gB gene at its native viral locus and that the 
phenotype of the resulting recombinant virus would reflect 
the genotype of the plasmid copy of the gene in the tk locus. 
KAT::108 and KAT::102 both encode functional gB polypep- 
tides on their respective shuttle plasmids, with KAT::108 
encoding the wild-type gB polypeptide and KAT::102 encod- 
ing the mutant gB polypeptide from HSV-1 strain tsB5. The 
tsB5 gB polypeptide includes a ts mutation within the 
external domain (10) and a syn mutation (Arg to His) at 
residue 858 within the cytoplasmic domain (5, 6, 10). There- 
fore, KAT::108 and KAT::102 were used to demonstrate (i) 
that complementation of the gB~ defect of the parental 
KAT::/axl virus after insertion of the pJG108 or pJG102 
shuttle plasmid occurred and (ii) that the tsB5 mutant gB 
polypeptide encoded by pJG102 conferred both mutant 
phenotypes (temperature sensitivity and syncytial plaque 
morphology) on KAT::102. 

In an initial experiment, both the KAT::108 and the 
KAT::102 viruses were shown to replicate normally on Vero 
cells in plaque assays (data not shown). Therefore, titers of 
KAT::108 and KAT::102 stocks prepared on Vero cells and a 
KAT::/a*l stock grown on D6 cells were determined on both 
D6 and Vero cells. As expected, KAT::/o*l developed a titer 
on the gB-complementing D6 cell line but not on Vero cells 
(Table 2). In contrast, KAT::108 and KAT::102 each grew 
equally well on either cell line. The plaque morphology of 
each virus was also examined. KAT::102 produced the 
mutant syn plaque morphology on both cell lines (Table 2). 
Therefore, expression of functional gB polypeptides from 
the inserted shuttle plasmids complemented the deletion 
within the gB gene at its native viral locus and expression of 
the allele from pJG102 conferred the syn phenotype on 
KAT::102. The KAT::102 recombinant viruses also demon- 
strated temperature-dependent virus growth. The ratio of 
KAT::102 recombinant virus produced at 39°C compared 
with that produced at 34°C was approximately 5 x 10 4 , an 
index of temperature sensitivity similar to that of the parent 
vims fjB5. KAT::108 grew equally well at both 34 and 39°C. 

Efficient Cre-mediated recovery of intact shuttle plasmids 
from KAT::108 viral DNA. Sauer et ah (28) demonstrated 
that inserted shuttle plasmid DNA could be excised from the 
pseudorabies virus genome in a Cre-dependent manner but 
did not examine the integrity of the recovered shuttle plas- 
mid. If the Cre-/cur methodology is to be used as a true 
shuttle vector system, the inserted shuttle plasmids recov- 
ered from the viral genome must be intact. The shuttle 



FIG. 4. Cre-mediated rescue of intact shuttle plasmid DNA from 
KAT::108 viral DNA. KAT::108 viral DNA was reacted with Cre 
recombinase and transformed into DH5ot to propagate the rescued 
shuttle plasmid. Miniprep DNAs were isolated from 10 independent 
colonies, restricted with Pstl, and elect rophoresed in 1% agarose. 
All 10 miniprep DNAs are identical to the pJG108 control. 



plasmid was therefore recovered from extracted KAT::108 
viral DNA and compared with the original pJG108 plasmid 
stock by restriction enzyme analysis. The plasmid was 
released from purified KAT::108 DNA in an intramolecular 
Cre reaction and propagated after transformation of DH5a. 
Small batches of plasmid DNA (17) were prepared from 10 
isolated colonies, and their Pstl restriction patterns were 
compared with that of pJG108. All 10 miniprep DNAs 
showed restriction fragment patterns that were identical to 
that of pJG108 (Fig. 4), demonstrating that large shuttle 
plasmids could be recovered intact from the viral genome by 
Cre-mediated recombination. 

DISCUSSION 

In this report, we describe the adaptation of the Cre-for 
site-specific recombination system of bacteriophage PI for 
use with HSV-1 and investigate the potential usefulness of 
this approach for the genetic analysis of an essential viral 
gene. Site-specific recombination mediated by the Cre re- 
combinase protein occurred between two lax? sites, one on 
the shuttle plasmid and the other on the recipient virus 
genome. A constitutively expressed lacZ reporter gene 
cassette on the shuttle plasmids allowed easy identification 
of recombinant viruses on the basis of their blue-plaque 
phenotype. Because Cre-mediated recombination was re- 
versible, the plasmids containing cloned copies of the essen- 
tial gB gene could be recovered for further analysis by using 
a second Cre reaction. Recovered shuttle plasmids had a 
restriction fragment pattern identical to that of the original 
plasmid. Expression of functional gB polypeptides from the 
inserted shuttle plasmids at the tk locus complemented a 
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lethal defect in the gB gene. Expression of the tsB5 gB allele 
conferred the ts and syn phenotypes on the recombinant 
virus, demonstrating that this approach is useful for testing 
mutant constructs for altered phenotypes. 

The Cxt-lox shuttle system offers a number of advantages 
for detailed genetic analyses compared with a strategy based 
on marker transfer, (i) Since recombination occurs through 
the 34-bp exacting loxP site, no homologous viral flanking 
sequences are required to facilitate recombination, minimiz- 
ing cloning steps that may be needed for marker transfer. 
Moreover, this site-specific recombinant event avoids poten- 
tial problems related to rearrangement of the integrated 
DNA which sometimes occurs in marker transfer experi- 
ments. This is particularly important in experiments involv- 
ing the insertion of large DNA fragments. Although the 
Crc-lox approach does introduce plasmid DNA sequences 
along with the test gene(s), the function of either the reporter 
or the gB gene was not affected by the presence of these 
nonviral sequences, (ii) The recombination frequencies ob- 
served for the HSV Cre-fcoc system were even higher than 
those reported for the pseudorabies virus-based system and 
are as much as 1 order of magnitude (10 to 20% versus s2%) 
greater than those typically observed in marker transfer 
experiments. The constructs contained both a complete test 
gene and a reporter gene such that recombinants can be 
readily detected and purified on the basis of reporter gene 
expression. Also, in these studies, the expected complemen- 
tation of the deleted gB allele by the plasmid-encoded 
wild-type and ts&5 gB proteins could have been used as a 
means of selecting for recombinants by transfection of the 
Cre-mediated recombination reaction mixtures directly into 
noncomplementing Vero cells, (iii) Unlike DNA introduced 
by marker transfer, genes introduced on shuttle plasmids are 
directly recoverable from the viral genome in a cell-free Cre 
reaction without additional cloning steps and are thus readily 
available for further analysis. This is particularly important 
for studies requiring the generation and testing of a large 
panel of mutants. For example, randomly mutagenized 
genes can be introduced into the viral genome and tested for 
a particular phenotype such as syncytial plaque morphology, 
and then only those mutant constructs demonstrating the 
desired phenotype may be recovered from plaque-purified 
viral DNA for analysis by DNA sequencing. Thus, the 
ability to easily recover inserted shuttle plasmids from the 
viral genome should make a prior detailed analysis of genetic 
constructs unnecessary, (iv) Finally, the Cre-fox-based re- 
combination system should be useful for viral systems for 
which marker transfer procedures are currently difficult or 
unavailable. These include the cytomegaloviruses, Epstein- 
Barr virus, and varicella-zoster virus. 
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INTRODUCTION 



0) Reconibinaiioa frequencies <r.fc) be- 



... Adenoviruses <tmde>«<> extensive r& jess than 0,.!% to.as jp*at ae Thus 
combination during the course of a wpduc- the effects of a variety of experimental 
♦t„~ «.iviui <«fo«t<r>n tn cultured animal ceils fwMfMmitA «mnn r.f. can be evatttnteo 



ttve mixed infection In euttwea aniwiaijceus treatments upon r.t. em ^ : ensMBo 

Creviewed % Ginali^ and Young, 1?H>. e^ily. This contrasts with $V-4fc. where 

Since the adenomriw genoiae M a «ngw | ow r.te a*e fennd (Ctt1>b« «t a*., 1974). ^ 

linear duplex, genetic tafonnatfen ^ genome l« e^ns^e^ « I anped 

from moiet^e*^ wit* a wea!tf» irf ^netic »a^rs and 

be exchanged by Mbeaieme as yet tt»de : re^ictionen^uclaa^ and*ceur*te 

fined to ^aerAt» reeonibii^ jnolecates. »^ ib^ti<^ are aV^able for boot earjy 

nter cb^Mr&tlce of atoyfr\» reeom, Lewis e*m. ^i$mv^«fim8 

, ***" ,M - recombination ; t* b* examined over large 



rasalongftkni 
tively simple 

Iraijo^bt u* ; u typeB recombine ; ; fjftefet$!yy 



!.«iteji, 



We'Wve ^ tnttt iltw^^ 
exaniite 

the* offe* it nuinber ^4i«itwt technical ^^sev^ to ^ ^itti^ <Gro£ 

^ Hasi^aiidWeber^^ 




'techniqoe hois tacit .used .as * mapping tool / 
to locate • the' phy^t ;poritiona . of ..tem- 
perature-sensitive Mod .host range muta- . 

- tiot» but, oa shown in this, paper, it ■ !>».■.: 
potential for studying the process of re? : 
combination itself. In addition some poly- 
peptides are type apedflc with respect to 
OTtiswOdty : and mobility on SDS-po1y-. 
acrylamide gels, allowing the origin of the 
polypeptide . products specified.; by re- . 
comHiiant' genomes to be examined, and 

: the phyricart locations of the respective 
geaea to be deduced (Mantnor et at., 1975; 

'. Grodzicker , et. all, . IW). Conversely, 

: knowing the ' positions of . the genes, jve 
can delimit the positions of crossovers, thus 

• yielding further, information oh the sites 
arid numbers of exchanges in a particular 

'• ' experiment, '' . . ' •' 

• have taken advantage of the charac- 
teristics listed, above to study the time 
course of recombination. It is of conHider- 
able importance to know whether or not 

. recombination is a continuous process over- 
lapping : ji time with the replication of viral 

. DNA and! the assembly of new virions. 
Such information helps to define the kinds 
of molecules that can interact to produce 
recombinants. In bacteriophages, contrast- 
ing recombination kinetics have been found 

. and have been related to the mode of DNA 

. synthesis. Thus in the T-«ven aeries, where , 
recombination and . DKA replication are 
: intimately related,-, there is a steady in- 

: crease In recombination frequency during 

•.' the period of active DNA synthesis (Doer- 
1968; Levmthal and Visconti; 1953). " 
: This agrees with the population theory of 

: Viw6ntiimdDe]brficka96S)JawMchI)NA 
molecules undergo raultipte rounds of imt> 
- tag with aconsequent increase in the chance 
of any two genetic markers recombining. 
On the other hand* recombination in * X174 
1b restricted to that period of the DNA 

! /replication process when parental replicatlve 

;v forms are present {Donlger it «I. B 1978; 
Benbowrt aL , 1976)/and thus rX does not 

.: 'increase during -the rtee; period of viral 

: ^ . frequency of re- 

'^^jilsM^ increases throughout thecourse 
of vinis replication (cited in Williams e*a«*, 
^ 1974 and see Fig. 1), . To pursue the 



pjechatiisni of generation of recombinants, 
we have examined the progeny of hetero- 
typic crosses to .determine whether the 
atructure of <j + recombinants, isolated at 
early and late times postinfection, exhibited 
different crossover patterns as ascertained 
by the distribution of type-specific restric- 
tion endonucleaae sites. Using the Southern 
blotting technique, with specific probes, we 
have demonstrated that the events moni- 
tored by . selecting recombinant virus 
progeny are mirrored by the changes seen 
in viral.DNA structures present at various 
times postinfection* . 

MATERIALS AND METHODS 

Viruses. The map positions of the three 
human type 6 adenovirus temperature- 
sensitive mutants are as follows. ' • 

H5tel lies between 70 and 73 in the gene 
specifying the 100K polypeptide <Arrtmd, 
1978; Frost and Williams, 1978; Grodzicker 
et al. f 1977). 

H5te2 has been mapped between 60 and 
69 (Sambrook et al. t 1975; Frost and 
Williams, 1978) and Immunological data 
strongly suggest that it lies within the 
hexan gene (Mautner^t ai,, 1975). 

H5ts 142 fails to complement HK*9 (Cheng 
and Ginsberg, manuscript in preparation) 
a mutant that almost certainly lies within 
the fiber gene (Grodricher et aL, 1977; 
Mautner et &l, ; 1975; Sambrook«4 ai. 1876) 
and at the nonpermteslve temperature, 
the fiber capsomer does not react with 
entiflber capsomer antiserum (Cheng and 
Ginsberg, in preparation). These data, to- 
gether with the structures of heterotypic 
recombinants discussed in this paper, are 
consistent with the suggestion that the 
mutation lies in the fiber gene. 

Ad2 + NDlfs4 is a mutant of the non- 
defective Ad2-SV-40 hybrid NDl (Kelly 
and Lewis, 1978)* Physical mapping data 
from heterotypic recombination analyses 
place the ta lesion between positions 0.69 
and 0.71 on the genome (Grodzicker et at. > 
1977; Sambrook 6* al. f 1976). This mutant 
was kindly provided by Dr. Ten* Grod- 
ricker. Cold Spring Harbor Laboratories. ; 

: Alt viruses were uBed as passage three 
stockafoBowing at least two rounds of plaque 
purification. 
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/ Cells. : KB ceils In spinner or monolayer 
culture wew used for* growing, stocks of 
viruWi for the fliionesceht.focttSBBsay (Law-: , 
rence and Ginsbergi'lO&T); and fo^moat of v 
thex«c6mtottstfbn experiments, HeLa cells, - 
obtaWdfrom Dr. Marshal! Horwitss, Albert 

i EinBtein College of Medicine,- w^^eOfojr , 
the plaque : asaay rOVUUamB, . »971). :; The : 
plaque asBay;, medium \ was as described 
(Lawrence and Ginsberg, I967)but modified , 
by the addition of 0.125 M MgCV ? CV IF 
cells, obtained froin Dr. .Ming-Tft ; .H^. 

. Rockefeller University; were used. ui the ; . 
plaque assay to. determine the. host : 
of heterotypic recombinant>iruses. Ad^- 
ND1 virus produces plaques with equal ., 
efficiency on human, and monkey ceJUlnes , 
(Lewis etaC, 1969) owing to the prewnoe : 
of a helper function. specified by:tLe.SV-40 
inserted sequence. The plaque asaay^e- 
dium for CVlrP cells was as described for . 
Hel* but without the added MgCV : . . ■: . 
Preparation ofviru* stock? of heterotypic 

: b> recombinants,. WelMsolated pmw* 
appearinr on CVl-P cells incubated at 89" 
were picked into,l ml of infecting fluid 
(Lawrence and Ginsberg, 1967), frozen and 
thawed six times to release virus from cells, 
and 0.2 ml of the resulting samples was : 

* used to infect KB cells in SO-tnm dishes 
(Nunc): After incubation at 39? for up to 5 
days, cells from each dish were harvested 

: and, Mowing six cycles of freezing and 
thawing, 0.2 ml inocula were used to infect 
KB cella in 60-mm dishes (Nunc). After 2 
to 8 days incubation *** .89% when : total 
cytopathic effect waa observed, the ceils 
were removed from the medium by centrrt- 
ugation, raBUspended . in 2 ml of fresh 

• infecting fluid, and frozen and thawed six 
timeB to prepare passage 2 stocks, . 
. Preparation of DNA Jrotn heterotypic 
recombinants. Passage 8 stocks were used. 

: to infevt 2 x 10 T KB cells in Bpinner culture. 
After 2 days incubation at 37* j the cells 
were centrifuged and resuBpended I In 0,01 M. 
Bodium- phosphate, buffer ; pB- 7.2. Sub- 
sequent extraction of virus Ww**!^' 
" liahed procedures (Lwberg-Hplm and , Fhrnp- 
son; 196B* Pettersaon and Sambrook, 1978) 
except that only one CsCl purification step 
■ was employed, namely an overoight centra- 
ugatibn of the extracted samples in a 1.2 T 



1,4 : g/cm*; density gradient. Isolation : of 
DNA from the virus wj» a* .described by ' :' 
PettersBon. and: Sambrook (1973). .After - 
phenol * extraction, : ;DN A .samples were 
dialy^ed . exhaustively against 6. mM Trie- 
HC1 " buffer : pH 7.4, eontaintng. 1 aiM 
BDTAVThe yield ofvirus DNA from 2 x 10*- 
infected cells was usually, between 20 and 

.60 jug- '' . . 

Rertricttort endonuctease analysis of 
DNA froiii ta* recanMrtaxtl*, BaniH-l 
(New -England Biolabs) digestions were 
conducted it STMn a total volume of 60. to 
•100^1 containing 6 mM Tris-HClpH 7.4, 6 
nUtf 2-mercaptoethanol, 6 mM MgCla, ISO 
xtiM NaCl, between 1 and 2 tig of DNA, 
and a fivefold excess of enzyme units. After 
2 -hr digestion, the reaction wbb stopped 
by the addition of BDTA to 20 mM and 
then sample buffer was added (0.02% 
bromophcnol blue in gel buffer containing 
•'. 20% w/v sucrose). DNA was electrophoresed 
through a 1% agarose gel prepared in 
0.09 M Tris, 0.09 M sodium borate, 0.0025 M 
EDTA titrated to pH 8.0 with acetic add. 
After loading 5 to 10 /il of sample (OA to 
0.2 itg DNA) per well, the DNA was elec- 
trophoresed at 20 mA for 2.5 hr. The gels 
• were removed and stained in a 1.0 fig/ml 
solution of ethidium bromide and the DNA 
fragment bands, were photographed after 
exposure to irradiation with short-wave- 
length ultraviolet light (Sharp et a*., 
1973). 

Analytfs of polypeptides fivm recom- 
;bimnWnfecUd eellaJ KB cells in i 30-mm 
dishes were infected with fivefold dilutions 
of passage 2 virus stocks and incubated at 
80° for 2 days. The cells were washed twice 
with phosphate-buffered saline and then 
resuspended to 3 ml of 0.01 M sodium 
phoBphate buffer pH 7.2. Samples, 50 pi, 
containing approximately 6 * W ^cells, 
were bolted with 25 jil of 3x concentrated 
sample buffer (Keuffman and Ginsberg, 
1975) for 1 min and then 20-m1 samples of 
dissociated cells were layered onto .7.5% 
nolyacryiamide . gels containing sodium 
dodecyl sulfate. The gel Bystem hss been 
described previously (Kauffnian and Gins-, 
berg, 1975). After. 3. hr electrophoresis at 
100 V. the gel was stained in Coomassie 
brilUant blue (0.2% Coomassie briiliant blue, 




(iJ iireiiii()(iiii) ^ ! ^d) li^ X W and 

aridi; 7% : acetic acia< •; Follownif aoawin-, 
iitg, the ge! /Wftft rehy^i'ttted and then 
vacuum . dried . on * Hoefer Scientific 
•Vgd'•d^7er,;y;: ; .^;'■■^:;r : ' : •':: ■ V^'.ii^.^'^ ' : 

-7*oJotfott<*n<i analyria frDNAfwrnyit- 
fected cett8.\ KB cells «t a c©ncefotxati<m of 
2 x> I0 r *e)]a/ml 'were ; inoculated <;with 8.8 
FFU ^ Ad2^NDlte4 and . 6.6 FFU ' of 
; H5&142. After 2 : hr - adsorption, when 
—60% of the virua had adsorbed, the cells 
were centrifo^d,;vroahed with phoBphate- 
• buffered flalme7resuspeinded tos final cbn- 
- ceritration of 2 X 10? csllaVrol, arid incubated 

■ it- 22?. for ;TO hr nWasure viral yield t>y 
7 ^orescent ite^ assay. In addition, samples 

containing 2 xlOT- cells 'yrere .. withdrawn 
and the celte were cehtitfUged, washed with 
phosphate-buffered saline, and stored as 
? frown pellets; : The peftete were refluapended 
^in: 40 - vol of. TNE. [10. mM : Tris-HCl 

■ (pH .8.0), 1.50 mM NaCl, .10 mM, EDTAJ 
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Fio. 1. The kinetic* of homotyple recombination. 

. Rep^n»JiolftiNBr«<>fHaIiacsUB (ontaJnJn«3.2 x IV 
(slhi par 60>nuti dfili were infoeted with 2,2 plrfque- 
fernilns unite (PPU/of HBea.l wi 4.8 PPU »f 
Aft«r adeorptlcn, tha plntw wete rinsed, treated 
with anttBerum to Ad5, ri»«ed .aipaii, and wwWd 

' with Eogle'e medium containing 2% calf Mornin. The 
di«h« wwe lncub»t«d at 32" and at Interveli*, individual 
; toturiiWer* Jwrytsted, aiid tl» wfrw^ted I rfrua, 

: : WM . released and Utiatad at 99 and SP oa H«l*«a 
nwiw1aa^^1ltx»^i»t]an. fine^neh^ * at 887 

: titer at SPCx 8x100. vl • 



• and SDS'ahd profeinaac K were , added to 
-co;29fc: and.; 1O0 ^e/ml;> wspectiyely. The : : 
' tyiiate was incubated at Sff: for 6 hr and then 
extracted fiequentiallj^ ^ with buff«r>fl»turated 
phenol aiod ;CHCl>iiw»tttyl alcohol 
High molecular, weight DNA was ieolated 
by mixing the aqueous phase with 2 vol of 
ioe^cokl ethanol and immediately spooling 
but "iK* ^^cIpltiiteA-tliat'/ Jbx«ed, ^-flta; 
DNA' wa& washed with ;70%; ethanol : and 
dlsflolved in H»0. The DNA solution was 
brboghf to 10 . mW Tris, 2 mAf EDTA 
(pH 7.5V and digested with 40 jxg^ml-of 
beat-iwated-pancreaUc RNaae for 2 hr at 
ZT, SDS; and proteinase K. were. added to. 
the .solution: as. above and incubation con- 
tinued for 2 hr at which time NaCl was 
added ito 200 mAf and the samples wore 
sequentially extracted with phenol and 
ehlorofoThvisoamyl alcohol. The pnrifled 
DNA wris Msuapended in sterile HjO.and 
stored at 4°. - 1 . i ' , 

FUier hybridization, DNA from infected 
cell cultures. wes digested with BaniH-l 
as described above and electrophoreBedat 
65 V on horiaontal agaroae slab gels (0.8*) 
in 86 mAl Tris, 30 mAf NaHtPO*, 1 mM 
EDTA (pH 7.9). The gels were stained 
with BtBr (1 Mg/mD, photographed, and 
DNA fragments were transferred to nitro 1 - 
cellulose sheets, hyhridbed, and washed 
. as previously described (Wigleref of., 1979).. 

' RESULTS ; 

The Kinetics itfHomatypit; Recombination 

The recombination frequency (r.f.) be- 
tween two temperature-sensitive, mutants 
of adenovirus increaBaa during the ex-, 
ponenttal phase of a one-atep replication 
cycle in HeLa cells (cited by Williams et 
al„ 1974). An example of this phenomenon 
fc shown in Fig. 1. Replicate cultures of 
HeLa eelfe in 60-mm plastic dishes were 
coinfected with HGtal and H6to2, mutants 
previously mapped by marker rescue in the 
100K and hexoii genes, respectively (Frost 
and -Williams, .1978; Arrand, 1978). and 
analysed for the presence of recombinants 
at intervals posttofectton. -The most pro-. 
Wncuneed increase in r.f.' (from 0.06% at 36 
. - hr to a.i* at 54 hr) occurred during the 
r flrat half of the exponential rise in . In- : 



vfectloua virus... ^.W 9 ^^^^)^^^^^^^^?^ onijorlunity : to recombino; 
•PNAsy^^^^ 

: ' tog aayiwhronaus cetinlar or viral functions. 
; To .explore some of these possibilities, we 



rate (Youhs. unpublished), Someyaty small 
piques w:ere. observed In the 38? assay flt 
times earlier than B6;hr. pwthTfectioin but 
isolates from -^individual plaques? were 
found to iontoin virus that was genotypicelly 
temperature eenaitlve f eug^sting that tha .- 



have examined the production and structure 
of ■ heterotypic . [recombinants ; : formed .be- 
tween H54?142, : * mutant defective: in the 



: on the assay ; ptote» • ar phetoinenon first 
domonstrated : by'EnBinger-and -fflnaber? 
<197Z>. Calculation of . tbe;«umber : pf,cel]a- 
on the ' assay plate Vthat; would be M* 
parentaUy infected/ at the dilutions used, 
la consistent: wjlth this, hypothesis. In .re- 
; construction' exj^ments^ .where;.iffl; juid 
: ts2 ■: were: mixed in; vitro >nd>asBftyecL *t 
: Biittilar dihrtfons, ; pls^ues.were Been.at .39%. 
•;in : : contrast,; 18 of ^16 :>ls^a /isolated; 
from samples at 54 arid fi« hr postinfection 
were gonotypically t*+. The growth curves 
: :for the two single infections (not ..shown) 
. paralleled thai of the. cross;: ".but the 
frequencies ; of plaques at &9" Were at all. 
\tim> '*1esslthan : 0.01%.:':V V-";- v-* M V\ : 
v These dats t : and essentially similar ones 
• obtained: in KB/celte: with a different 



pWparationf and Ad2*NDl<H a mutant 
defective in the 100K polypeptide (Grbd- 
:':idcB^ee : a^l977).'- ; : :< - 

The dertgriof the heterotypic .owes.' The . 
aims of the heterotypic crosB were to .;de»- 
' termtneifa temporal increase in recombina- 
tion frequency occurs/ and more par? 
. ticularly, tq,see tf^ the. DN A structures of. 
f » + . heterotypic recombinants . isolated , at 

- eaiiy - v arid' late : times v= in /infection • dif- . 
: feredi' Tho design of the experiment was 

chosen with the following criteria in mlnaV 

- (i) Each t*+ recombinant tnuBt be donaliy 
luirelated. <ii) The choice of mutants, and 
of the restriction erusymeB involved in. 
aiuUyzing DNA structure, BhouM allow re-., 
combination to be observed : over Wide 
stretches of the genome, (iii) The Isolation 




parallel samples withdrawn from an in- 
fected spinner culture. The second criterion 
was limited by . the paucity of t» markers 
whose physical locations bad been de- . 
termined aecurately and. by the ack of 
different restriction endonucloase sites for 
'more than * few eiwymes in any pair of 
serotypes that can undergo recombmation. 
:.TW Choke of HKS142 and Ad2*NDM«4 
was made because the map position of the 
latter was known to lie between 69 and. 
71 (Grodaickor «t at., 19T7) while the 
farmer has a Aber-defective phenotypo and 
fails to complement te9 (Cheng and Gins- 
iW7) and genetic: recomomwon, w»«« ; berg, h^^pt in jprep^Oo^ 



that would occur during the echpse. phase 



A'TemponU. AnalyBU of HeUrotypie Bo~ 
combination .■•.,.':..•.= 
An incroase in recombination ficequency 
. during the exponential rise is consiatent 
with the. postulate that adenovirus DNA 
molecules undergo - multiple : wub». 
mating during the period oJ-JNA syn- 
tnosis, but several c4J»er poBSibJlitfeaj exist. 
For example, DNA synthesis lhetoriM | J« 
first are . separate; but fuse with time 
(Boyer ^ *l„ ■ _ 190Tj Tanujguchi . 
1OT7) and irenetic^rewmbiiiation^ would 





E 5 ^ ihe-leftroo^iw^^ at ppeltfon 29* a y ; ^ 

kv : " .: ND.l difl6r; The erisyme of .choice, for ttoee. 

anafyis«3 was BdinH-t. The I enzyme cleaves : : v. 
^NOl^lnio' five dtetiri^^ble, fraj^^a : 

from 20 to 18ft while ;Ad6 la. tleavejS into 

■ salient niappo^tionsbfthe en^ecfeavage : 
- Wites and the to barkers ;and: the vretfonB ; 
' hi 'which supernumerary.. crcsBOvejw: can 
'•iOocur.J'Sgwe 4 reveals that supei^umeraiy 

"DNA- fra^ftht patteriia- distinguishable •, 
from tbat p>oduced,by a sJftgle crowoyer; 
between : the to roarkers. .and \ from thaHe ; 

■ produced >by.;one : or. both parents. Snperw . 
>numerary: crossovers in, region. I are.rnot 
■» detectable: She tbird criterion mentioned 
> above,* namely the reliabfflty ;■ ofHJte Js* 

selection techd^ue, waa-inet by selecting 
"Wjinbtoan^ CV1-P. cells; 

^&&^iS^}JlJSam «e were 
k^^V v reveraiph ;;lrequencyvon :» eL » ^^ff /. Wrifij^a sample rfth*Bflpert»tantwMta3f«i to 
^ ' ■ high 'taa^l :*lO^X<YQUng, qwnj^^ utafcsotted Virus &m*'W* : 

.Thus; aiiy ^ ^ejVrewBpeiKled in n*«h spinner 




i ron wfiction 



Fro! 3. The growth curve for 8 heterctypie. mixed 
infection, .. KB celta, *t 1.0 k 10* «eTlB/ml, were 



: , will almostvcej^mV- arlae. from infection 
with » recombinant: containing, the SV-40. 

j aequenceB necessary for growth on monkey 
ceUs, ihs&amR-l Bite at 86 percentin these. 

?{ sequencea (SambMbk«*aJ//l°75>^ai^lad«- 

• • =ing . both : to sites. 1 Revertante of H5teM2 
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new . tun vc^a wbib iv-.^ — : • * 

medium at ft wncentr»tl«n <rf ? K 10 1 (jells/mL The 
culture wiu. 1 maintained ft t 92* and at Intervals, 
aamplea wero withdrawn and vinw wan lfis^yed by 
ftaorMecnt Cocas »e^y on KB «eUa at dS% At approxE* 
rnately,: 22; . 24. hr jfwaUiifteMon, 40 replicate 
sampto wlthdrttvcn and; after the growth curve 
hod beeii determined, the 24^airf 72-hr samples v*re 
plated oil CVVP cdla ind Incubated At 3L9? for tte iso- 
lation of putative U* «eonijb(ihftnte : . 

ori ithe 1 irtter hand will , net replicate cf- ; 
ftciehtly on CV1-P cells- ^. . .. b - . 

, ...... T/te UNA structure* of heterotypic to + 

• .'fr'A vi - ; TwamMnante, Spinner KB cells were in- 

: -«3^utSffi flva ptea were .retnovcd at interns ^nd togl 

: dteestion prbducto <A-B) fcr NDl imd.tviHo prodnctt;. tafecUoilB viryfl was meaflored .at toy 
: (A* *) fcr Ad5. The -gNH tor hc«n (5lA.ti r fluorescent Ibcua aasayv The growth cur™;, 
-it* il*^ Is iUMtrated ln Fig. & : At 24 and TChr 

. im«w ^r^ini^ locate aamples were 

/.ii^^ (aee Kat^d* appropriate dDutions were 

i^etmpvwent in Npl.to dose to Via Wt ,of tee> .: f^ted" ortCVl* celta at Sff* to eelect : for 



■ . * ***.*■ * 




•1 



(reproduced ^ f^m£iXwng:;. and^: Pibhier, 
i^O) Vshowit the" various etwees^ of ■ frag- 
; : me'nt' pattW obsenr'ed.ln this experiment-. 
l v :\dthiiiit^«UUoi» ,iRf the: fflsp6slti6»-.of 
- crossover ;.^feW» v tt'"» !! l^l B '' ant ;* l > 3?*e..- 
, ; that the**, waalfrfold.hfghar in the sample 
0 iwteted'at'72 hr when compared with that, 
-isolated at 24 tav'\V;V : - : . - ' :> . 
"." ■ Comparing recombinants isolated from 
■ ; S4 hr;: atid ^rhVaamples, several ocm- : 
cli^ortB may beidrawn,; (i) Theater set, 

; recombinant while the eartier Set haaojrty 
.': two. If tHe numbers rf iwpifesentetivea of 
each classl are compared in: a. 2.x 4 con* 
tingency table, the increase from early to 
. : late . times" in: the j: occurrence of super-. 
" numerary crossovers iB. seen, to .be highly 
Bigoiflcaht - (p;.^,0.«»>^U) , At , later times 



£ : Efcrt^^i» W^H^i ^<*^?f^^ajtoi*y. :of ;re<»mbinaiita, : .are formed 
irtwdaetnof DKA fh>mthfl^n!tt arHJwp™Boiita4ive ^ B \jigte crossovers but there is a greater 
reoBnibtaantB, obtained from, the heterotypic. ^ ex «eeted frequency of multiple cross- 
crow H5toU2 and A<J2*NDlto4. Tlwd^mlidaw ; :«« . jfaooriUhMn frequency is baaed 

«™> «rt?^«- ^^ra S» markka. /The. recombination-^: 

ta Vwrawnbinant, ded*«fl • tto wi^^«B . . tti > »ftd tsl42 ' is only 



y : > 'v. '. : ■ - 7; : • > l ": :• overs. (ill). A&;exp«ted, aU- reeorabinanta 
of- putative U* r6^mbinahi...v^ 7V. - vK-vr .i- v'-. •'• 

: Great care, was ;tak»n to. sample plequea.^--. .Oj-..!' table 
of. all frizes and morphologies aa a pnoiri , : gi^^^^jji,^ 
there is no way of ^wing .whether -^^^J^^^S^Si Isolates won .*« 

voertain-recombinatjt ,dasBe fl ,giye .roe ^ 

4 set from the:^h> eamples wafl [tested for 



jaolates tested plaqued -efflcienJJy -at- 9ST_, 
: The remainder inay have ariaen.Dy cpmple-. 

= mentation oh the aiBay plate; Just as in the 
^ i. early ..primples r; frbm;the hdmptyPV^' 0 ??! \ 
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■ i\;.a-tbtal:^ 

. , ; separate, sample, : was obtained. Amomj t^e : . B ^ Ci B .Daiidi!b8iv«»A, B;c, d, 

TB-hr samples, 81 :■ of the «)...gave -IS?** 0 - : parf^- the h^^uenclfB crtlw v*rtau* carosaoverdwsei 

" tyricaUy&*!soteteaate and late timea, ubUic Fi«her'« twt teat fas 

'•>" Smiff itoelts;of pa&a&Jf^.iil!& ^hwfB,^ pwfteWUty ihit ^the*^to e«jw. 

: x : Spared from each iaolate^nd .idral^pNA^.ft^ ^i^>tittott^ ik^tiott to frOffi T^M».; 
O?;: SSSStedi cleaved with B«w»H-X and =^thS fl«^d!iu«^.^.« hr al«nift«««ty ^ 
' = - : '.:''^.fr«g^^'sw^ .-s ;'.■="•':•; 






^ (FJg.v2). •« wBneo vy 
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w**>~ -pla«w«t:.: DNAs -front' 59/ W + 
isolates were examined diges- 
tion/ In 6 eases, <2 from the 24-hr sampleB 
and 4 from the 72-hr samples), the ethidmm 
bromide staining pattern of , JfemH r l- . 
digeated DNA ^revealed firagmerita char- 
airterisilte: : ^both patients, even after 



: piaaties^aroee *y complementation oft. the 
assajriplate and' that, this mixed population 



<* growth at: 39% when Jthe m.o.U ."-to.: 
: p«Mraably m than. 1. One :<late 

^ sample had a frijpaent pattern chai^te£ . 
:r iatte of ND1 but pfltK= fragments C an d E 
• :: L-S iiindera^flented, ".The . origin of . this gat- 

!^k!L£iv^ri^^ cliw de« sample on HeLa. cells at. 82° and isolatirtg 

S^^'"^^"^ 1 - ; " ditiow^ : all vrfassea of P^*^ T 
I te: =c clbrie waa tested for the ability to replicate ■ 

^^^^^.f^^^^^^il ' eell^jtf ^The^plftque;: that: waa -bus-- • 
4% containing both parental vlrue.es 



j*>:;-4y-.>t;' 




torn :the original plaque!^te^^^ fi ^^ t f:i + ?i^- E • 

^•Sa^?;6^ 

•?>S^'S*&HtrohW suetfestirig thBt^lie Awhile ; the 30.5% itagiiiiBiAviiQirig^j.^V 1 ^/^- 

-* Si ^on*s«e grb^mahd Ihelr vbe^aenttfted^^ ; V 

: ; DNAs examined by ; ; moderates by hybridization to;tbe E probe. 



* V:.i 




hArE ; + 5 C^B£Di :: wh^<stf^ 
: A; ; B^CrD;? : Bi-V^s^mKt)ir8 vexplalfis v. 
Hhe deviation from equihwlarlty bbaemd . " 
ln ; the original DNA digestion. The pres - 
ence of these two' genotypes within a single ; ; 
.plaque could- arfee from, a clump: -of: two \< 
;'.differentVrare; to 4- - lidniseB-yor.:. wqmt the : ■ 
"segregation of^regioh' . af^heteroduplexv; 
DNA^heterossygoiis {^^6 E\C BamH-^-; 
cleavage site, .- . .'--v-. ; : 

••• ^ . 

demonstrated :th*s the frequency 'of fa*.-; 
. recombinant virue rtaewaBes duringtha ©x- ... ,, :>: . ^ „^...^ , ... .. 

• pbnehtlalrtae period and that the nurnbera .-, ; 
: of impernumerary.^e^ i^,,.^;^.^.., 
.'•ottheM'yiruMB aignBteaathjr Mgher at ^ ; ^g^t^ T ^.^^^:y: : v:: ■ 
■V 1ate\ameB\:.Genetic>nalxBe8.:requJre that,^ 

• following. recombhMtion^the pNA .be. ae- i' F ^: «r [n ti™rtviiir ijna fiim tte . 

: iembtedwand:: fully, infectious.; V*US •• be, . ^^4"^ HiSWx Ad2*"NDll«4. \ The " 

: formed. Thu 8 , : thia analysis may 5«>» ae d : ^SgSSl, iiihTliSrii»j>l« Scribed und,r : 
: by the failure to . detect^ events, that lead ^,!i^^ Me thod*BttmH.UiekvedDNAVt.6^ . 
" to recombinant. DNA f.moleculea:.meapabte: , v^iiowUdin «urhiMi«(bvi); Thst^pFeM 110 * 9 ^ . 
: : of -being' "araenibledcor. = »£ : ;ipeplipating : \- .«^^^|'Htiiiied vrttvettudium bromlcU »i><l.ph<*0r.; 
-the absence ofhelpeiv.To circumvent. this, •: .^^riun^r«i»i^wOTiuhrivJokt.i^t..W 
we examined the'time tourse of produetion.: ! panel Js tte carrespwidlnK auto«dk«^ia. w^wfnB : 
of recombinant DNA molecules in infected blot; bybridfaHan -«itth » -*H**A pnte. «^ , 

Ato employ Wf 6 ! 1 ®?^^^ if 
.to ;probe the; struc^ ofithe .^tal^tatria^ • : ^ bak ^^ii b; d »^«jiew.<ir brSeiit*UMi>r -.. . y . t ^4 
•■• cellular DNAV: pool and to ^eswmine ^tne ; 0 ^ ^g^tg the .vjrJoiw iEn«».*erB r.toro 'jdfipte^. = ::r 
•geheraaoKTand.repUcaupn.^ " 18 

'DNA mqtecutes tbroiJB^tlthe...COUrae. Of. i\4tfoa3>tofttor aOnriisWSShraOinllii (e)25hr80n>U>;. 
i ^mbied ihiectiori; ; I« i tKlB^e^Hmept^irasfi y ai& ^35 miw\(g£> W.hr S0iiiJri!.{h)>i« hr 40 nunj» : 



1 ~ ™.y£-&mwZw*tey^\*i ■ ' • toiMcrtwe relative to. the other bands; . . .. ; . 
^^^^^^SlS^^lfilw* to Ei butmigrAte with ft mobility - : . > : ; 
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' u^R #SJ- recombinant species* The .diagram. . ; 

* - - ■ -vyie Iding- two 

v:, : r •...•••(....v.':- A-'iv; «^4?^»:v^::P : «**^ '"'Mgment; while a : probe prepared fw>m 
: -' ■; • :iV' : ^V -f- 7 v": v- : fragment C will detect &th, Bamf!!*l. 




I r>. ;.*. .* 



vRWni to NDl E> C wm Mated wid.dig*»tad with ; from fl late time aample waB digesteq. 
Sort. tWdto**»< product* «>^>*£*?2> with BtwnH.l, the fragments were aep-. 
^^dto.irttwcdtolw .etectrophoreala, band : 

.... #&S^ 

" : S^S^^iitSRr^m^¥^^ : tato tbe;:B .4:-C i^^ f^^^^t ■ 

. : mSmptoj jmUtivi :itewH-l B> alo»e; :Samp1ea : from the three ;■ . 

; V .idlgBit«J>lthSol.i« ib^#Bi*t*^ft5P5£''r <l mixtures -Were ^ etecbro^oreaed m PaJWy^ 
: . Matoi art iAaiaaflalwKb'tl* i^ant A>i»tH : * ;aH« ^te^Ha«Ka*Br seta. Th* gel:. was blotted v 

v: ^ 




- .JJi B% f^ents,:B«rth probw: /detected ; plwnomena ■*rt;h»Vft-^o»»w^^ J £.-:;;-' : 
V- AV&^of^^her E A C as expected ;; ^etfb^whage^both • . ; 

: >--£8SiJn^ 

- : the B^TSte at the BlC junction; - V -molecutea from & Cheating dm*. If recom, 

- tSevenX to be Stored in the ^nee^ mow:, exchwg^eyente.tha^ose gth- : . 
. of^ ■ 

>•.■•";:":•:: DTSCUSSiO!* c •; '^vj.-- : :^i -.^^ith^ier^ istoplex yirUs and may ; well : • 

v ' • • We ihave employe^ ieuetic and molecular' ": ^;ftw-ihe;aan&"-^»B« <RitcHe.^a^; - 

* combination. ahdTthe i DNA^Btrueture . of,>; tional events in *X 174 ; 

during the exponential tisepericKL . ; ; 
^ : £g£ rrf ffiita rSS S 1e4s™Io-foM A ln adenoVirwee^ aa with .; T-even pbiiges; • 

Sie obaerved fredueney of supernumerary v: periods = adenovlruB-8pecinc=. ujva w vu i .. 
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Nescis, mi fill, quantiUa rationae mundus regatur. 
Axel Gustafsson Oxenstierna (1583-1654) 

The search for the etiologic agents of infectious dis- 
eases has culminated in the discovery of hundreds of 
viruses. The pathologic effects of virus diseases result 
from the interplay of several factors: (a) toxic effects 
of virus gene products on the metabolism of infected 
cells, (b) reactions of the host to infected cells ex- 
pressing virus genes, and (c) modifications of host gene 
expression by structural or functional interactions with 
the genetic material of the virus. In most instances the 
symptoms and signs of acute virus diseases can be re- 
lated directly to the destruction of cells by the infecting 
virus. The keys to understanding how viruses infect 
cells, express their gene functions, multiply, and ul- 
timately alter the cells they infect form a set of con- 
cepts and definitions. This chapter summarizes these 
concepts and definitions and provides a comparison of 
the various strategies of virus multiplication used by 
viruses that infect humans. Details of the individual 
pathways of infection and replication, as well as the 
specific references, are listed in the chapters dealing 
with the individual virus families. 
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HOST RANGE, SUSCEPTIBILITY, AND 
PERMISSIVITY 

For a virus to multiply, it must first infect a cell. The 
host range of a virus defines both the kinds of tissue 
cells and the animal species that it can infect and in 
which it can multiply. The host ranges of different vi- 
ruses vary considerably; one virus may have a wide 
host range, whereas the host range of another may be 
a single cell type of a specific animal species. Suscep- 
tibility defines the capacity of a cell or animal to be- 
come infected. Determinants of host range and sus- 
ceptibility are discussed in the next section. It should 
be noted at the outset that, when an individual be- 
comes exposed to a virus with a human host range, 
cells that become immediately infected are the sus- 
ceptible cells at the portal of entry. However, infection 
of these cells may not be sufficient to cause clinically 
demonstrable disease. All too frequently the disease 
is the consequence of infection of target cells (e.g., 
central nervous system) by virus produced in the sus- 
ceptible cells at the portal of entry. In many instances 
(e.g., respiratory infections, genital herpes simplex in- 
fections), the target cells are at the portal of entry. 

At the onset of infection, the virus introduces into 
the cell its genetic material — RNA or DNA — accom- 
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panied in many instances by essential proteins. The 
sizes, compositions, and gene organizations of viral 
genomes vary enormously. Viruses appear to have 
evolved by several routes, and no single pattern of 
replication has prevailed. In consequence, two con- 
cepts must be stressed here. 

First, the ability of a virus to multiply and the fate 
of an infected cell hinge on the synthesis and function 
of virus gene products — the proteins. Nowhere is the 
correlation between structure and function — between 
the composition and arrangement of genetic material 
and the mechanism of expression of genes — more 
readily apparent than in viruses. The diversity of 
mechanisms by which viruses ensure that their pro- 
teins are made is reflected in, but alas (!) cannot always 
be deduced from, their genomic structure. 

Second, although viruses differ considerably in the 
number of genes they contain, all viruses can be said 
to encode three sets of functions which are expressed 
by the proteins they specify. Viral proteins (a) ensure 
the replication of viral genomes, (b) package the ge- 
nome into virus particles (virions), and (c) alter the 
structure and/or function of the infected cell. 

The strategies employed by viruses to ensure the 
execution of these functions vary. In a few instances 
(e.g., papovaviruses, papillomaviruses), viral proteins 
merely assist host enzymes that replicate the virus ge- 
nome. In most instances (e.g., picornaviruses, reovi- 
ruses, herpesviruses), it is the virus proteins that rep- 
licate the virus genome, but even the most self- 
dependent virus utilizes at least some host proteins in 
this process. In all instances, it is viral proteins that 
package the genome into virions even though host pro- 
teins and polyamines may complex with viral genomes 
(e.g., papovaviruses, herpesviruses) before or during 
the biogenesis of the viral particle. The effects of viral 
multiplication may range from cell death to subtle, but 
potentially very significant, changes in function and in 
antigenic specificity of the infected cell. 

Our knowledge concerning reproductive cycles of 
viruses stems mainly from analyses of the events oc- 
curring in synchronously infected cells in culture; we 
are only beginning to study viruses which do not grow 
in cultured cells. The reproductive cycles of all viruses 
exhibit several common features (Fig. 1). First, shortly 
after infection and for up to several hours thereafter, 
only small amounts of parental infectious virus can be 
detected. This interval is known as the eclipse phase; 
it signals the fact that the virus genomes have been 
exposed to host or viral machinery necessary for their 
expression, but that progeny virus production has not 
yet increased above background. There follows an in- 
terval in which progeny virions accumulate in the cell 
or in the extracellular environment at exponential 
rates. This interval is known as the maturation phase. 
After several hours, cells infected with lytic viruses 
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FIG. 1. Reproductive cycle of viruses infecting eukar- 
yotic cells. The time scale varies for different viruses; it 
may range from 8 hr (e.g., poliovirus) to more than 40 hr 
(e.g. t cytomegalovirus). 



cease all metabolic activity and lose their structural 
integrity. Cells infected with other viruses may con- 
tinue to synthesize virions indefinitely. The reproduc- 
tive cycles of viruses range from 6 to 8 hr (picorna- 
viruses) to more than 72 hr (some herpesviruses). Virus 
yield per cell ranges widely, up to more than 100,000 
in the case of poliovirus virions. 

Infection of a susceptible cell does not automatically 
ensure that virus multiplication will ensue and that 
viral progeny will emerge. This is one of the most im- 
portant conceptual developments in virology to evolve 
during the last two decades and should be stressed in 
some detail. Infection of susceptible cells may be pro- 
ductive, restrictive, abortive, or latent. Productive in- 
fection occurs in permissive cells and is characterized 
by production of infectious progeny. Abortive infec- 
tions can occur for two reasons. Although a cell may 
be susceptible to infection, it may be nonpermissive, 
allowing a few, but not all, virus genes to be expressed 
for reasons that are frequently unknown. Abortive in- 
fection may also result from infection of either per- 
missive or nonpermissive cells with defective viruses, 
which lack a full complement of viral genes. Lastly, 
cells may be only transiently permissive, and the con- 
sequences are either that the virus persists in the cell 
until the cell becomes permissive, or that only a few 
of the cells in a population produce viral progeny at 
any time. This type of infection has been defined as 
restrictive by some and restringent by others. This 
classification is hardly gratuitous; its significance 
stems from two observations. The hallmark of latent 
infection is the persistence of viral genomes, but not 
of infectious virus particles, in transiently nonpermis- 
sive cells without the destruction of the infected cell. 
At the other extreme, persistence of competent or de- 
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fective viruses which express functions that alter the 
host genotype without destroying the infected cells 
may so alter the expression of the host genes as to 
transform the cell from normal to malignant. 



INITIATION OF INFECTION 

To infect a cell, the virion must attach to the cell 
surface, penetrate the cell, and become sufficiently un- 
coated to make its genome accessible to viral or host 
machinery for transcription or translation. 



Attachment 

Attachment constitutes specific binding of a virion 
protein (the antireceptor) to a constituent of the cell 
surface (the receptor). The classic example of an an- 
tireceptor is the hemagglutinin of influenza virus (or- 
thomyxovirus). The antireceptors are distributed 
throughout the surfaces of viruses infecting human and 
animal cells. Complex viruses such as vaccinia (a pox- 
virus) and herpes simplex virus (a herpesvirus) may 
have more than one species of Antireceptor molecule. 
Furthermore, antireceptor molecules may have sev- 
eral domains, each of which may react with a different 
receptor. Mutations in the genes specifying antirecep- 
tors may cause loss of the capacity to interact with 
certain receptors. 

The cellular receptors identified so far are largely 
glycoproteins. Attachment requires ions in the envi- 
ronment in sufficient concentration to reduce electro- 
static repulsion, but it is largely temperature and en- 
ergy independent. The susceptibility of a cell is limited 
by the availability of appropriate receptors, and not all 
cells in an otherwise susceptible organism express re- 
ceptors. Human kidney cells lack receptors for polio- 
virus when they reside in the organ, but receptors ap- 
pear when these cells are propagated in cell culture. 
Susceptibility should not be confused with permis- 
siveness; thus, chick cells are not susceptible to polio- 
virus inasmuch as they lack receptors for attachment 
of virions. However, they are fully permissive because 
they produce virus following transfection with the in- 
tact RNA extracted from polio virus particles. 

Attachment of viruses to cells in many instances 
leads to irreversible changes in the structure of the 
virion. In some instances, however, when penetration 
does not ensue, the virus can detach and readsorb to 
a different cell. Among the viruses in the latter cate- 
gory are orthomyxoviruses and paramyxoviruses, 
which carry a neuraminidase on their surfaces. These 
viruses can elute from their receptors by cleaving neu- 
raminic acid from the polysaccharide chains of the re- 
ceptors. 



Penetration 

Penetration is an energy-dependent step. It occurs 
almost instantaneously after attachment and involves 
one of three mechanisms: (a) translocation of the entire 
virus across the plasma membrane, (b) endocytosis of 
the virus particle resulting in accumulation of virus 
particles inside cytoplasmic vacuoles, and (c) fusion 
of the cellular membrane with the virion envelope. 
Nonenveloped viruses penetrate by the first two mech- 
anisms. It is known, for example, that in the course of 
adsorption of the poliovirus particle to the cell, the 
capsid becomes modified and loses its structural in- 
tegrity as the RNA-protein complex is translocated 
into the cytoplasm. Paramyxoviruses and herpesvi- 
ruses are examples of viruses that penetrate as a con- 
sequence of fusion of their envelopes with the plasma 
membrane, whereas orthomyxoviruses fuse with cy- 
toplasmic membranes after endocytosis. In these in- 
stances the envelope of the virus remains in the plasma 
membrane, whereas the internal constituents spill into 
the cytoplasm. Fusion of viral envelopes with the 
plasma membrane requires the interaction of viral "fu- 
sion' ' proteins in the envelope of the virus with specific 
protein constituents of the cellular membrane. 

Uncoating 

Uncoating is a general term applied to the events 
that occur after penetration, setting the stage for the 
viral genome to express its functions. For many viruses 
(orthomyxoviruses, paramyxoviruses, picornavi- 
ruses), divestiture of the protective envelope or capsid 
takes place upon entry into the infected cells. In cells 
infected with herpesviruses and most likely also with 
papovaviruses and adenoviruses, the capsid is trans- 
ported along the cytoplasmic cytoskeleton from the 
site of entry to nuclear pores. At the nuclear pores, a 
virus-specific function, triggered most likely by cel- 
lular factors at that site, releases the viral DNA or a 
DNA-protein complex into the nucleus. The empty 
shell ultimately disintegrates. In cells infected with 
reoviruses, only portions of the capsid are removed, 
and the viral genome expresses all its functions even 
though it is never fully released from the capsid. The 
poxvirus genome is uncoated in two stages: whereas 
in the first stage the outer covering is removed by host 
enzymes, the release of viral DNA from the core ap- 
pears to require the participation of viral gene products 
made after infection. 

STRATEGIES OF VIRAL MULTIPLICATION 

Requirements and Constraints 

In the course of their evolution, viruses have de- 
veloped several strategies to deal with (a) encoding and 
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organization of viral genes, (b) expression of viral 
genes, (c) the replication of viral genomes, and (d) as- 
sembly and maturation of viral progeny. Before we 
consider each of these in some detail, it is worth re- 
iterating that the synthesis of viral proteins by the host 
protein-synthesizing machinery is the key event in 
viral replication. Irrespective of the size, composition, 
and organization of its genome, the virus must present 
to the eukaryotic cell protein-synthesizing machinery 
a messenger RNA that the cell can recognize as such 
and translate. In this regard, the cell imposes three 
constraints on viruses. First, the cell synthesizes its 
own mRNA in the nucleus by transcription of its DNA 
followed by posttranscriptional processing of the tran- 
script The cell therefore lacks (a) the enzymes nec- 
essary to synthesize mRNA off a viral RNA genome 
either in the nucleus or in the cytoplasm and (b) en- 
zymes capable of transcribing viral DNAs in the cy- 
toplasm. The consequence of this constraint is that 
only viruses whose genomes consist of DNA, contain 
appropriate cis-acting signals, and which reach the nu- 
cleus can take advantage of cell transcriptases to syn- 
thesize their mRNA. All other viruses had to develop 
their own enzymes to generate mRNA. The second 
constraint is that eukaryotic cell protein-synthesizing 
machinery is equipped to translate only monocistronic 
messages, inasmuch as it does not usually recognize 
internal initiation sites within mRNAs. The conse- 
quences of this constraint are that viruses must 
synthesize either a separate mRNA for each gene 
(functionally monocistronic messages) or an mRNA 
encompassing several genes and specifying a large pre- 
cursor "polyprotein" which is then cleaved into in- 
dividual proteins. Lastly, in the infected cell, the 
expression of viral genomes is in competition with that 
of the myriad of cellular genes. To attain abundant 
amounts of their proteins, viruses have evolved strate- 
gies that either conferred competitive advantage to 
viral mRNAs or abolished the synthesis or translation 
of cellular mRNAs. 



Structure and Organization of Viral Genomes 

Viral genes are encoded in either RNA or DNA ge- 
nomes. These genomes can be either single or double 
stranded. In addition, they can be monopartite, that 
is, all virus genes contained in a single chromosome, 
or multipartite, that is, virus genes are distributed 
among several chromosomes which together consti- 
tute the virus genome. To avoid confusion, we des- 
ignate as "genomic" only the nucleic acid found in 
virions. 

Among the RNA viruses, reovirus is the represen- 
tative of the best-known family that contains a double- 
strand genome; moreover, this genome is multipartite, 



consisting of 10 segments or chromosomes. The ge- 
nomes of single-strand RNA viruses can be either mon- 
opartite (picornaviruses, togaviruses, paramyxovi- 
ruses, rhabdoviruses, coronaviruses, and retroviruses) 
or multipartite (orthomyxoviruses, arenaviruses, and 
bunyaviruses). All RNA genomes are linear molecules. 
Some, for example, picornavirus genomes, contain a 
covalently linked polypeptide or an amino acid at the 
5' end of the RNA. 

All known DNA viruses infecting vertebrate hosts 
contain a monopartite genome. Except for parvovirus 
genomes, all are fully or at least partially double 
stranded. Individual parvovirus virions contain linear 
single-strand DNA; in some genera (e.g., adeno-as- 
sociated virus), both complementary strands of the 
DNA are packaged but in different particles. Papo- 
vavirus DNA is packaged in the form of a closed cir- 
cular molecule, whereas the DNAs of herpesviruses, 
adenoviruses, and poxviruses are linear. Herpesvirus 
DNAs exhibit a single 3' nucleotide extension at both 
termini in packaged form but circularize immediately 
after infection. Adenoviruses contain a protein cova- 
lently linked to the terminus of one DNA strand, and 
the viral genome retains its linear configuration 
throughout infection. The DNA of hepatitis B virus is 
a circular double-strand molecule in which there are 
single-strand gaps— one large and one small— in dif- 
ferent regions of each strand. In the poxvirus genomes, 
the 3' terminus of one strand is covalently linked to 
the 5' terminus of the other strand, forming a contin- 
uous loop. 

Expression and Replication of Viral Genomes 

It is convenient to discuss the RNA viruses first and 
to focus primarily on the function of the genomic RNA. 

Single-Strand RNA Viruses 

The single-strand RNA viruses form three groups. 
Picornaviruses and togaviruses are examples of the 
first group. These genomes have two functions (Figs. 
2 and 3), the first of which is to serve as a messenger 
RNA. By convention, viruses whose genomes can and 
do serve as messengers are known as plus- ( + ) strand 
viruses. Following entry into the cell, picornavirus 
RNA binds to ribosomes and is translated in its entirety 
(Fig. 2). The product of this translation, the polypro- 
tein, is then cleaved. The second function of the ge- 
nomic RNA is to serve as a template for synthesis of 
a complementary minus- (-) strand RNA by a polym- 
erase derived from cleavage of the polyprotein. The 
(-) strand RNA then serves in turn as a template to 
make more ( + ) strands. The progeny ( + ) strands can 
then serve as (a) mRNA, (b) templates to make mpre 
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( — ) strands, and (c) constituents of progeny virus par- 
ticles. 

Togaviruses and some of the other ( + ) strand vi- 
ruses differ in one respect from picornaviruses (Fig. 
3). Specifically, only a portion of the genomic RNA is 
available for translation in the first round of protein 
synthesis. The probable function of the resulting prod- 
ucts is to transcribe the genomic RNA. A (-) strand 
is then synthesized, and this RNA in turn serves as a 
template for two size classes x>f ( + ) RNA molecules. 
In cells infected with togaviruses, the first class is a 
small mRNA encompassing the region of the genomic 
RNA not translated in the first round. The resulting 
polyprotein is cleaved into proteins whose main func- 
tion is to serve as structural components of the virions. 
The second class of ( + ) RNA consists of full-size 
strands that are packaged into virions. Several mRNA 
species are made in cells infected with coronaviruses. 

Central to the replication of ( + ) strand viruses is the 
capability of the genomic RNA to serve as mRNA after 
infection. The consequences are twofold. First, en- 
zymes responsible for the replication of the genome 
are made after infection and need not be brought into 
the infected cell by the virion. That is why naked RNA 
extracted from virions of ( + ) strand viruses is infec- 
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tious. Second, because all ( + ) strand genomes are 
monopartite, and therefore have all their genes linked 
in a single chromosome, the initial products of trans- 
lation of both genomic RNA and mRNA species are 
necessarily a single protein. The translation products 
of picornaviruses and togaviruses must then be cleaved 
to yield the individual proteins found in the virion or 
the infected cell. 

Orthomyxoviruses, paramyxoviruses, bunyavi- 
ruses, arenaviruses, and rhabdoviruses (Fig. 4) com- 
prise the second set of single-strand RNA viruses de- 
fined as the ( — ) strand viruses. Characteristically, 
their genomic RNAs must serve two template func- 
tions, first for transcription and then for replication. 
Because their genome must be transcribed to make 
mRNA, and the cell lacks the appropriate enzymes, 
all (-) strand viruses package in the virion a tran- 
scriptase along with the viral genome. The transcrip- 
tion of the viral genome is the first event after entry 
of the virus into cells; the process yields functionally 
monocistronic mRNAs [( + ) strands], each specifying 
a single protein. Replication begins under the direction 
of newly synthesized viral proteins; a full-length ( + ) 
strand is made and serves as a template for the syn- 
thesis of (-) strand genomic RNAs (Fig. 4). 

Central to the replication of the ( — ) strand viruses 
is that the genomic RNAs function alternatively as 
templates for transcription and replication. The con- 
sequences are threefold. First, the virus must bring 
into the infected cell the transcriptase to make its 
mRNAs. Second, it follows that naked RNA extracted 
from virions is not infectious. Third, the mRNAs pro- 
duced are gene unit length: they specify a single poly- 
peptide. However, selective (but not arbitrary) ob- 
servance of RNA splicing signals may result in multiple 
mRNAs, each specifying a different protein being tran- 
scribed from the same region of genomic RNA. Con- 
sequently, the ( + ) transcript which functions as 
mRNA is different from the ( + ) strand RNA which 
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serves as the template for progeny virus, even though 
both are synthesized on the genomic RNA. The ad- 
vantages accrued by the transcription of multiple 
mRNAs from the same region through splicing of the 
RNA are obvious. Monocistronic mRNA is advanta- 
geous because the virus can control the abundance of 
the individual proteins; they need not be made in equi- 
molar amounts. . 

The classification of single-strand RNA viruses into 
( + ) and (-) groups does contain an exception: A few 
members of the (-) strand RNA, multipartite bunya- 
virus family are ambisense; that is, both the genomic 
and complementary ( + ) strand of a chromosome can 

act as mRNA. . 

Retroviruses comprise the third group of single- 
strand RNA viruses (Fig. 5). Characteristically, ret- 
rovirus genomes are monopartite but diploid, and the 
two strands are either partially hydrogen bonded to 
another macromolecule or base paired in a fashion as 
yet unknown. The sole function of the genomic RN A 
is to serve as a template for the synthesis of viral DNA. 
Inasmuch as eukaryotic cells lack enzymes competent 
to perform this function, the virion contains, in addi- 
tion to the genome, an RNA-dependent DNA polym- 
erase (reverse transcriptase) as well as a mixture ot 
host transfer RNAs, one of which serves as a primer. 
The key steps in the reproductive cycle are (a) binding 
of the tRNA-reverse transcriptase complex to the ge- 
nomic RNA, (b) synthesis of a DNA copy comple- 
mentary to the RNA across the two ends of the RNA 
molecule in such a fashion as to produce a single-strand 
DNA molecule hydrogen bonded to the linear genomic 
RNA (c) digestion of genomic RNA by a nuclease 
which attacks only RNA in DNA-RNA hybrids (ri- 
bonuclease H, also packaged in the virion), and (d) 
synthesis of the complementary strand of the viral 
DNA. The linear double-strand DNA translocated into 
the nucleus integrates into the host genome. Virus gene 
expression may not follow immediately. All retrovi- 
ruses contain cw-acting sites for cellular rrans-acting 
factors (that may be tissue specific) and for the host 



RNA polymerase. The products of transcription are 
genome-length RNA molecules and shorter, gene-clus- 
ter-length mRNAs that are translated to yield poly- 
proteins. The polyproteins are then cleaved to yield 
the individual viral proteins. Only the genome-length 
transcript is packaged into virions. The complexity of 
regulation varies among retroviruses: detailed analy- 
ses of lentiviruses have revealed several virally en- 
coded //-ans-acting factors that regulate the order of 
expression and the abundance of viral gene products. 

Double-Strand RNA Viruses 

The double-strand, multipartite reovirus genome is 
transcribed within the partially opened capsid by a po- 
lymerase packaged into the virion, and the 10 mRNA 
f( + ) strand] species are extruded through the exposed 
vertices of the capsid (Fig. 6). The mRNA molecules 
have two functions. First, they are translated as mon- 
ocistronic messages to yield the viral proteins. Second, 
one RNA of each of the 10 species assembles within 
a precursor particle in which it serves aS a template 
for synthesis of the complementary strand, yielding 
double-strand genome segments. 

DNA Virus Genomes 

The DNA viruses can be split into four groups. Pa- 
povavirus, papillomavirus, adenovirus, and herpesvi- 
rus genomes are transcribed and replicated in the nu- 
cleus and therefore can utilize the transcriptional 
enzymes of the host for generation of mRNA. Con- 
sistent with this, DNAs of the viruses are infectious. 
The transcriptional program consists of at least two 
cycles of transcription for papovaviruses and at least 
three for herpesviruses (Fig. 7) and adenoviruses. In 
each instance, the structural or virion polypeptides are 
made largely from mRNA generated from the last cycle 
of transcription. In the case of nuclear DNA viruses, 
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two sets of cfr-acting sites are embedded in the do- 
mains of viral genes. One set enables the binding of 
cellular transcriptional factors and trans-acting factors 
for initiation of transcription and enhanced expression 
of these genes. The second set enables the interaction 
of these genes with viral regulatory proteins which may 
regulate transcription both positively and negatively. 
In the case of some herpesviruses, a virion protein 
introduced into the cell duringinfection /vans-activates 
the first set of viral genes to be expressed by acting in 
concert with a host protein that binds to its cis sites 
in the viral genome. 

Although it is convenient to lump the nuclear DNA 
viruses together, significant differences do exist in 
their replication strategies. Papovaviruses encode a 
single protein that binds in close proximity to the origin 
of viral DNA synthesis, stimulates the cellular polym- 
erase complex to replicate the viral DNA, and acts as 
a helicase. Adenoviruses encode a DNA polymerase 
but depend on the host cells for many of the other 
functions involved in the synthesis of their DNA. At 
the other extreme are the herpesviruses. Herpes sim- 
plex viruses encode numerous proteins involved in the 
pathway of synthesis of DNA. The list includes seven 
proteins that are both necessary and sufficient for viral 
origin-dependent synthesis of DNA in the environment 
of the uninfected cell. In the case of other herpesvi- 
ruses, the genome encodes additional proteins that 
maintain the viral DNA in an episomal state and stim- 
ulate the cellular DNA replication proteins to amplify 
the DNA to an appropriate copy number. 

The poxviruses constitute the second group. Al- 
though poxvirus DNAs have been detected in the nu- 
cleus, at least the initial transcriptional events and 
most of the other events in the reproductive cycle ap- 
pear to take place in the cytoplasm. As could be pre- 
dicted from their localization, poxviruses have evolved 
all the factors necessary for transcription and repli- 
cation of their genome. Furthermore, because host 
transcriptional factors are not involved, the cfe-acting 



sites for the synthesis and processing of the mRNA 
have diverged from those of the host. The initial tran- 
scription occurs in the core of the virion; the protein 
products of these transcripts function to release the 
viral genome from the core. Many questions concern- 
ing the reproductive cycle of these viruses remain un- 
resolved. 

Parvoviruses constitute the third group. The par- 
voviruses that infect humans form two groups. The 
members of one are capable of independent replica- 
tion. The only known member of the second, the 
adeno-associated virus, is a "defective" virus and re- 
quires adenoviruses or herpes simplex viruses as 
helper viruses for its multiplication. Multiplication re- 
quires the synthesis of a DNA strand complementary 
to the single-strand genomic DNA in the nucleus and 
transcription of the genome. 

Hepatitis B virus exemplifies the fourth group (Fig. 
8). The gaps in the DNA of this virus are repaired first, 
and its genome is converted into a closed circular mol- 
ecule by a DNA polymerase packaged in the virion. 
The genome is then transcribed into two classes of 
RNA molecules, that is, mRNA specifying proteins 
and a full-length RNA that serves as a template for the 
synthesis of genomic DNA by a virally encoded re- 
verse transcriptase. 

Assembly, Maturation, and Egress of Viruses from 
Infected Cells 

Viruses have evolved three fundamental strategies 
for their assembly, maturation, and egress from the 
infected cells. The first, exemplified by picornavi- 
ruses, reoviruses, papovaviruses, parvoviruses, ade- 
noviruses, and poxviruses, involves intracellular as- 
sembly and maturation. In the case of picornaviruses, 
60 copies each of the virion proteins designated VPO, 
VP1, and VP3 assemble in the cytoplasm into a pro- 
capsid. Viral RNA then wraps around the procapsid, 
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and, in the process, VPO is cleaved to yield two poly- 
peptides, VP2 and VP4. The cleavage probably causes 
rearrangement of the capsid into a thermodynamically 
stable structure in which the RNA is shielded from 
access by nucleases. Poxviruses and reoviruses also 
assemble in the cytoplasm. In contrast, adenoviruses, 
papovaviruses, and parvoviruses assemble in the nu- 
cleus. As a rule, all nonenveloped viruses that assem- 
ble and acquire infectivity inside the cell depend 
largely, but not entirely, on the disintegration of the 
infected cell for their egress. Accumulated evidence 
implicates the structural proteins of these viruses in 
the inhibition of host macromolecular metabolism and 
in the ultimate disintegration of the infected cell. 

The second strategy is employed by enveloped vi- 
ruses exemplified by aU (-) strand RNA viruses, to- 
gaviruses, and retroviruses. For the viruses in this 
group, the last step in virion assembly is linked with 
its egress from the infected cell. Specifically, some of 
the virus proteins become inserted into both the inner 
and outer surface of the plasma membrane or other 
cytoplasmic membranes; those projecting into the ex- 
tracellular fluid or into the cisternae of the endoplasmic 
reticulum are glycosylated. The membrane proteins 
aggregate into patches displacing host membrane pro- 
teins. Viral nucleocapsids bind to specific virus- spec- 
ified proteins lining the cytoplasmic side of these 
patches or to cytoplasmic domains of viral glycopro- 
teins (togaviruses) and become wrapped up by the 
patch. In the process, the nascent virion is "extruded" 
or "buds" into the extracellular environment. In some 
instances (e.g., orthomyxoviruses and paramyxovi- 
ruses), cleavage and rearrangement of one species of 
surface protein occur during or after extrusion and im- 
part to the newly formed virion the capability of in- 
fecting cells. Virus assembly and maturation by extru- 
sion from the cell surface provide a more efficient 
mechanism of egress inasmuch as it does not depend 
on disintegration of the infected cell. Indeed, viruses 
that mature and egress in this fashion vary consider- 
ably in their effects on host-cell metabolism and in- 



tegrity. They range from highly cytolytic (togaviruses, 
paramyxoviruses, rhabdoviruses) to virtually noncy- 
tolytic (retroviruses). However, by virtue of the in- 
sertion of the viral glycoproteins into the cell surface, 
these viruses impart to the cell a new antigenic spec- 
ificity, and the infected cell can and does become a 
target for the immune mechanisms of the host. 

Lastly, the herpesvirus nucleocapsid is assembled 
in the nucleus. Unlike other enveloped viruses, the 
envelopment and maturation occur at the inner lamella 
of the nuclear membrane. The enveloped virus accu- 
mulates in the space between the inner and outer la- 
mellae of the nuclear membrane, in the cisternae of 
the cytoplasmic reticulum, and in vesicles carrying the 
virus to the cell surface. Thus, the enveloped virus is 
uniquely shielded from contact with the cytoplasm. 
Herpesviruses are cytolytic and invariably destroy the 
cells in which they multiply. Like other enveloped vi- 
ruses, herpesviruses impart to the infected cell new 
antigenic specificities. 



CONCLUSIONS 

Viruses exhibit a remarkable array of strategies for 
the expression of their genes and for the replication of 
their genomes. Knowledge of the biology of viruses 
and, specifically, the host range, target cell, portal of 
entry, and strategies of gene expression and of repli- 
cation of the viral nucleic acids is the key to the de- 
velopment of rational and effective methodologies for 
prevention and treatment of viral diseases. The dis- 
covery of new viruses, particularly those whose host 
range comprises a small subset of highly differentiated 
cells (e.g., human immunodeficiency viruses, human 
herpesvirus 6), suggests that more viruses with novel 
strategies of gene expression and amplification of their 
nucleic acids remain to be discovered. 

The focus of the chapters on the individual virus 
groups is the mechanisms by which the various strate- 
gies of known viruses are implemented. 
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On fait la science avec des faits, comme on fait une 
maison avec des pierres; mais une accumulation de 
faits n'est pas plus une science qu'un tas de pierres 
n'est une maison. 

Henri Poincare 

Herpes simplex viruses (HSVs) were the first of the 
human herpesviruses to be discovered and are among 
the most intensively investigated of all viruses. Their 
attractions are their biologic properties and, in partic- 
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ular, their ability to cause a variety of infections, to 
remain latent in their host for life, and to be reactivated 
to cause lesions at or near the site of initial infection. 
They serve as models and tools for the study of trans- 
location of proteins, synaptic connections in the ner- 
vous system, membrane structure, gene regulation, 
and a myriad of other biological problems, both general 
to viruses and specific to HSV. For years, their size 
and complexity served as a formidable obstacle to in- 
tensive research. More than 40 years passed from the 
time of their isolation until Schneweiss (444) demon- 
strated that there were, in fact, two serotypes, HSV- 
1 and HSV-2, whose formal designations under ICTV 
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rules are now human herpesviruses 1 and 2 (416). Not 
until 1961 were plaque assays published (420), and only 
much later were the genome sizes and the extent of 
homology between these two viruses reported. This 
chapter recounts well-established facts; however, its 
main emphasis is on burning issues, the problems 
whose time has come. 

Virology conserves two myths. The first is that re- 
search on a virus reaches its peak when the number 
of investigators approaches the number of nucleotides 
in its genome. This formula calls for 152,000 + inves- 
tigators, one for each base pair (222,294). In orders of 
magnitude, we are close but not yet there. There are 
times when we think almost that many bodies will be 
needed to unravel all the mysteries of these viruses. 

The second myth is that virologists repeat the same 
experiment over and over again. As in all myths, there 
may be a grain of truth here. In wading through the 
mass of articles published in the past few years, it was 
instructive to see how many times the same phenom- 
enon was published or rediscovered time and time 
again. This apparently is not only a reflection of 
George Santayana's injunction that "Those who can- 
not remember the past are condemned to repeat it" 
but is also because only the last reported experiment 
is remembered, correct or not. We have taken pains 
to correct the record. 

VIRION STRUCTURE 

As with all herpes virions, the HSV virion consists 
of four elements: (i) an electron-opaque core, (ii) an 
icosadeltahedral capsid surrounding the core, (iii) an 
amorphous tegument surrounding the capsid, and (iv) 
an outer envelope exhibiting spikes on its surface. 

Virion Polypeptides 

Studies on purified HSV-1 virions indicated that 
they contain approximately, but probably not less 
than, 33 proteins designated as virion polypeptides 
(VPs) and given serial numbers (170,478). All of the 
virion proteins were made after infection, and no host 
protein could be detected in purified preparations. Of 
the approximately 33 proteins, eight are on the surface 
of the virion and are glycosylated. These glycoproteins 
are gB (VP7 and VP8.5), gC (VP8), gD (VP17 and 
VP18), gE (VP12.3 and VP12.6), gG, gH and gl. An- 
other gH small glycoprotein, which will be given the 
designation gj, predicted by DNA sequence analyses, 
has recently been demonstrated by N. Frenkel and as- 
sociates (N. Frenkel, personal communication). Some 
of the surface glycoproteins have been shown to be 
components of the envelope spikes (482). 



Gibson and Roizman (148, 150) described three kinds 
of capsids, namely, those that lack DNA and were 
never enveloped (type A), those that contain DNA and 
were never enveloped (type B), and those that contain 
DNA and were obtained by de-enveloping intact vir- 
ions (type C). The empty capsids consist of five pro- 
teins, namely, VP5, VP19C, VP23, VP24, and a 
smaller (12,000 molecular weight) protein described 
subsequently (64). VP5 was estimated to be present in 
ratios of 850-1,000 per virion [i.e., approximately six 
per hexameric capsomere (170,417,511)], but recent 
studies (445) suggest that VP5 is a component of both 
pentameric and hexameric capsomeres. VP19C and 
VP5 appear to be linked by disulfide bond (550) and 
are present in .approximately similar ratios per virion 
(170). Braun et al. (32) showed that VP19C, identified 
as the infected cell protein (ICP) 32, bound DNA and 
was probably involved in anchoring the viral DNA in 
the capsid. Recent studies by Sherman and Bachen- 
heimer (462) suggest that the type A capsids are not 
in the pathway of virion maturation and may be a decay 
product. 

Type B capsids differ from the A type in that they 
contain two additional proteins, namely, VP21 and 
VP22a. Type C capsids were reported to contain a 
smaller protein VP22 but not VP22a (148,150). VP22 
and VP22a have similar characteristics (148,150) and 
were thought to be related constituents of the ICP35 
family of proteins present on the surface of the capsid 
(34) and required for encapsidation of viral DNA 
(377,399,462). Gibson and Roizman (148) suggested 
that VP21 is an internal capsid protein. 

Depending on the procedure for stripping the en- 
velope, the type C capsids may contain variable 
amounts of tegument proteins. The type C capsids lack 
protein VP22a but contain protein VP22. Gibson and 
Roizman (148,150) concluded that VP22 is processed 
from VP22a by proteolytic cleavage, since the proteins, 
appear to have similar characteristics. Recent studies 
by Sherman and Bachenheimer (462) and Rixon et al. 
(399) suggest that the VP22 found in the type C capsids 
may not be related to VP22a. 

The space between the undersurface of the envelope 
and the surface of the capsid was designated as the 
tegument (417); it contains the rest of the virion pro- 
teins. The most notable of the proteins associated with 
the underside of the envelope and the capsid are the 
a-/ran.y-inducing factor (aTIF; ICP25; VP16), the vir- 
ion host shut-off (VHS) protein, and a very large pro- 
tein (VP1) associated with a complex that binds to the 
terminal (a) sequence of the viral genome. Extensive 
discussion of the various types of capsids and virions 
was published by Roizman and Furlong (417). Schrag 
et al. (445) have reported an elegant model of the HSV- 
1 capsid. 
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Viral DNA 

Like other herpesvirus DNAs, HSV DNA is linear 
and double-stranded (23,222,361). In the virion, HSV 
DNA is packgaged in the form of a toroid (141). The 
ends of the genome are probably held together or are 
in close proximity inasmuch as the DNA circularizes 
rapidly in the absence of protein synthesis after it en- 
ters the nuclei of infected cells (362). DNA extracted 
from virions contains nicks and gaps (27,135,540). 

The HSV genome is approximately 150 kilobase 
pairs, with aGiC content of 68% (HSV-1) or 69% 
(HSV-2) (23,222,294). It consists of two covalently 
linked components, designated as L (long) and S 
(short) (Fig. 1). Each component consists of unique 
sequences bracketed by inverted repeats (460,514). 
The repeats of the L component are designated ab and 
a'b\ while those of the S component are designated 
a'c' and ca (514) (Fig. 1). The number of a sequence 
repeats at the L-S junction and at the L terminus is 
variable; the HSV genome can then be represented as 

a^a n b — U L — b V m c ' — U s — ca s 

where a L and a s are terminal sequences with unique 
properties described below, and a n and a m are terminal 
a sequences directly repeated zero or more times (n) 
or present in one to many copies (m) (87,270,411,412, 



504,514,519). The structure of the a sequence is highly 
conserved but consists of a variable number of repeat 
elements. In the HSV- 1(F) strain, the a sequence con- 
sists of a 20-base-pair direct repeat (DR1), a 65-base- 
pair unique sequence (U b ), a 12-base-pair direct repeat 
(DR2) present in 19-23 copies per a sequence, a 37- 
base-pair direct repeat (DR4) present in two to three 
copies, a 58-base-pair unique sequence (U c ), and a final 
copy of DR1 (318,320). The size of the a sequence 
varies from strain to strain, reflecting in part the num- 
ber of copies of DR2 and DR4. The structure of the a 
sequence can be represented as 

DR1— U b — DR2 n — DR4 m — U c — DR1 

with adjacent a sequences sharing the intervening 
DR1. Linear virion DNA contains asymmetric ends, 
with the terminal a sequence of the L component (aO 
ending with 18 base pairs and one 3' nucleotide ex- 
tension, and the terminal a sequence of the S com- 
ponent (a s ) ending with a DR1 containing only 1 base 
pair and one 3' overhanging nucleotide (320). 

The L and S components of HSV can invert relative 
to one another, yielding four linear isomers (Fig. 1) 
(92,169). The isomers have been designated as P (pro- 
totype), I L (inversion of the L component), I s (inver- 
sion of the S component), and I S l (inversion of both 
S and L components) (169,323,324). 
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FIG. 1. Schematic representation of the arrangement of DNA sequences in the HSV genome. 
A: The domains of the L and S components are denoted by the arrows. The second line shows 
the unique sequences (thin lines) flanked by the inverted repeats (boxes). The letters above the 
second line designate the following: the terminal a sequence of the L component (a L ); a variable 
(n) number of additional a sequences; the b sequence; the unique sequence of the L component 
(U L ); the repetition of the b and of a variable (m) number of a sequences (a m ); the inverted c 
sequence (c'); the unique sequence of the S component (U s )\ and, finally, the terminal a sequence 
(a 5 ) of the S component. B: The Bg1 II restriction endonuclease map of HSV-1 (F) strain for the 
P, l s , l u , and Isl isomers of the DNA. Note that because Bglll does not cleave within the inverted 
repeat sequences, there are four terminal fragments and four fragments spanning the internal 
inverted repeats in concentrations of 0.5 and 0.25 M, respectively, relative to the concentration 
of the viral DNA. 
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The evidence for the repetition of terminal se- 
quences in inverted orientation was based on electron- 
microscopic studies of denatured HSV-1 DNA allowed 
to self-anneal (460). These studies, as well as partial 
denaturation profiles of HSV DNA, revealed that the 
terminal repeats are repeated internally and that the 
repeats of each end differ in size and sequence ar- 
rangements (92,514). The demonstration that restric- 
tion endonucleases which cleave outside inverted re- 
peats yield four 0.5 M terminal fragments and four 0.25 
M L-S component junction fragments (169) supported 
the conclusion that L and S components can invert 
relative to each other. 

The internal inverted repeat sequences are not es- 
sential for growth of the virus in cell culture; mutants 
from which portions of unique sequences and most of 
the internal inverted repeats have been deleted have 
been obtained in all four arrangements of HSV DNA 
(203,363). The genomes of these mutants do not invert; 
each is frozen in one arrangement of the L and S com- 
ponents, but all retain their viability in cell culture. 

Other Constituents 
Polyamines 

The search for polyamines in the virion evolved from 
the observations that HSV capsid assembly requires 
addition of arginine to the medium (284,426,498) and 
that the capsid does not contain highly basic proteins 
that would neutralize viral DNA for proper folding in- 
side the capsid. Highly purified virions contain the po- 
lyamines spermidine and spermine in a nearly constant 
ratio, yielding approximately 70,000 molecules of sper- 
midine and 40,000 molecules of spermine per virion 
(147,149). The polyamines appear to be tightly bound, 
and they cannot be exchanged with exogenously added 
labeled polyamines. Disruption of the envelope with 
nonionic detergents and urea removed the spermidine 
but not the spermine. The spermine contained in the 
virion is sufficient to neutralize approximately 40% of 
the DNA phosphate (149). Parenthetically, proteins 
have been noted in association with the toroidal struc- 
ture (141) in the capsid, and a capsid protein has been 
reported to bind DNA (32). 

The compartmentalization of spermine and sper- 
midine may reflect the distribution of polyamines in 
the infected cell. It is of interest to note that after in- 
fection, the conversion of ornithine to putrescine ap- 
pears to be blocked, but the synthesis of spermine and 
spermidine does not appear to be affected (147). 

Lipids 

It has been assumed that HSV acquires its envelope 
lipids from the host cells. Little is known of the com- 



position of the lipids in the envelopes. The hypothesis 
that it is determined by the host was supported by the 
observation that the buoyant density of the virus was 
host-cell-dependent on serial passage of HSV-1 alter- 
nately in HEp-2 and chick embryo cells (477). Since 
the envelope is derived from cellular membranes, it 
has been assumed that the viral envelope and cellular 
membranes contain similar or identical lipids. Even 
when analyses of viral lipids were in vogue, little was 
learned of the lipids in the HSV virion. What little is 
known has been reviewed in detail elsewhere (417). 

HSV Polymorphism 

Intertypic Variation 

Although the genetic maps of HSV-1 and HSV-2 are 
largely collinear, they differ in restriction endonucle- 
ase cleavage sites and in the apparent sizes of viral 
proteins. Thus, the initial locations of viral genes on 
the linear map of HSV genomes were based on analyses 
of HSV-1 x HSV-2 recombinants and took advantage 
of (a) the intertypic difference in the sizes of the pro- 
teins and (b) the locations of restriction endonuclease 
cleavage sites (286,323,324,378). 

Intratypic Variation 

The first evidence of intratypic polymorphism 
emerged from studies of virion structural proteins and 
indicated that nonglycosylated proteins vary suffi- 
ciently in electrophoretic mobility to be used as strain 
markers (355). Intratypic variability was also noted by 
Pereira et al. (356) in their studies on the distribution 
of epitopes to specific monoclonal antibodies among 
HSV-1 and HSV-2 isolates. The usefulness of virion 
proteins as markers for molecular epidemiologic stud- 
ies was limited by the effort required to purify virions 
for such analyses. 

At the DNA level, differences between HSV-1 
strains appear to result from (a) base substitutions 
which may add or eliminate a restriction endonuclease ' 
cleavage site and which may, on occasion, change an 
amino acid or (b) variability in the number of repeated 
sequences present in a number of regions of the ge- 
nome (e.g., 734.5, US11, etc.) (57,400). The restriction 
endonuclease cleavage patterns of a given strain are 
relatively stable, whereas the number of repeats are 
not (37,168,415,504). Thus, no changes in restriction 
endonuclease patterns were noted in isolates from the 
same individual over an interval of 13 years or in ge- 
nomes of an HSV-1 strain passaged serially numerous 
times in cell culture. However, restriction endonucle- 
ase site polymorphism was readily noted in isolates 
from epidemiologically unrelated individuals 
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(164,427). On the basis of these properties, restriction 
endonuclease site polymorphism was used in several 
epidemiologic studies of HSV transmission in the 
human population (37,415,427), and restriction endo- 
nuclease analyses of coded virus isolates have been 
used to trace the spread of infection from patients to 
hospital personnel (35), from patient to patient (268), 
and from hospital personnel to patient (4,36). 



VIRAL REPLICATION 

The General Pattern of Replication 

It is convenient to begin this section on viral repli- 
cation with a bird's-eye view of the major events (Fig. 
2). 

To initiate infection, the virus must attach to cell 
receptors. Fusion of the envelope with the plasma 
membrane rapidly follows the initial attachment. The 
de-enveloped capsid is then transported to the nuclear 
pores, where DNA is released into the nucleus. 

Transcription, replication of viral DNA, and assem- 
bly of new capsids take place in the nucleus (Fig. 3). 

Viral DNA is transcribed throughout the reproduc- 



tive cycle by host RNA polymerase II, but with the 
participation of viral factors at all stages of infection. 
The synthesis of viral gene products is tightly regulated 
(Fig. 4): Viral gene expression is coordinately regu- 
lated and sequentially ordered in a cascade fashion, 
with the approximately 70 4- gene products forming at 
least five groups on the basis of both transcriptional 
and posttranscriptional regulation. 

Several of the gene products are enzymes and DNA- 
binding proteins involved in viral DNA replication. 
The bulk of viral DNA is synthesized by a rolling circle 
mechanism, yielding concatemers that are cleaved into 
monomers and packaged into capsids. 

Assembly occurs in stages: After packaging of DNA 
into preassembled capsids, the virus matures and ac- 
quires infectivity by budding through the inner lamel- 
lae of the nuclear membrane (Fig. 5) In fully permissive 
tissue culture cells, the process takes approximately 
18-20 hr. 



Initial Stages of Infection 

The available information on events preceding the 
transcription of viral genes is still fragmentary. The 




FIG 2. Schematic representation of the 
replication of herpes simplex viruses in 
susceptible cells. 1: The virus initiates in- 
fection by the fusion of the viral envelope 
with the plasma membrane following at- 
tachment to the cell surface. 2: Fusion of 
the membranes releases two proteins 
from the virion. VHS shuts off protein syn- 
thesis (broken RNA in open polyribo- 
somes). otTIF (the a gene frans-inducing 
factor) is transported to the nucleus. 3: 
The capsid is transported to the nuclear 
pore, where viral DNA is released into the 
nucleus and immediately circularizes. 4: 
The transcription of a genes by cellular 
enzymes is induced by aTlF. 5: The five 
a mRNAs are transported into the cyto- 
plasm and translated (filled polyribo- 
some); the proteins are transported into 
the nucleus. 6: A new round of transcrip- 
tion results in the synthesis of p proteins. 
7: At this stage in the infection, the chro- 
matin (c) is degraded and displaced to- 
ward the nuclear membrane, whereas the 
nucleoli (round, hatched structures) be- 
come disaggregated. 8: Viral DNA is rep- 



licated by a roiling circle mechanism that 
yields head-to-tail concatemers of unit-length viral DNA. 9: A new round of transcription/translation yields the y proteins 
consisting primarily of structural proteins of the virus. 10: The capsid proteins form empty capsids. 11: Unit-length viral 
DNA is cleaved from concatemers and packaged into the preformed capsids. 12: Capsids containing viral DNA acquire 
a new protein. 13: Viral glycoproteins and tegument proteins accumulate and form patches in cellular membranes. The 
capsids containing DNA and the additional protein attach to the underside of the membrane patches containing viral 
proteins and are enveloped. 14: The enveloped capsids accumulate in the endoplasmic reticulum and are transported 
into the extracellular space. 
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FIG. 3. Electron micrographs of the intra- 
cellular events in HSV-1 replication. A: Elec- 
tron-opaque bodies (magnified in insert) 
showing sites of assembly of capsids, B: A 
region near the edge of the nucleus showing 
accumulation of chromatin, small particles 
that appear to be capsid precursors, and 
capsids. C: A paracrystalline array of cap- 
sids, both empty and containing DNA, fre- 
quently found in nuclei of infected cells. D: 
Capsids in nuclei of infected cells in various 
stages of packaging of viral DNA. [Electron 
micrographs have been assembled from 
refs. 410 and 417 and from J. Schwartz and 
B. Roizman (unpublished micrographs).] 



central issue is that two of the initial events — (i) at- 
tachment to the cell surface and (ii) fusion of the viral 
envelope with the plasma membrane — must necessar- 
ily involve viral surface proteins. Of the eight HSV 
glycoproteins, five (gC, gE, gG, gl, and gj) are dis- 
pensable in cell culture, both for entry into cells and 
for egress from cells (170,273-275,526). As a matter of 
principle, we do not accept the notion that the virus 
conserves unnecessary genes or has evolved gratui- 
tous targets for the host immune system. The hypoth- 
esis that we raise but do not test is that the five dis- 
pensable glycoproteins perform the functions 
necessary for one or more alternative steps in the initial 
stages in infection. If that is true, the three essential 
glycoproteins (gB, gD, and gH) represent the minimal 
set of surface proteins necessary to sustain and carry 
out the dominant flow of events. The preferred sce- 
nario described in the following sections probably re- 
flects the functions only of this minimal set of surface 
proteins. 



Attachment 

HSV-1 and HSV-2 are readily detected on the sur- 
face of cells juxtaposed to plasma membranes of cells 
exposed for a brief interval to infectious virus (Fig. 6). 
Recent studies by Spear and colleagues (547) indicate 
that the receptor molecules recognized in one of the 
initial binding events are heparan sulfate proteogly- 
cans. Consistent with this view, attempts to find cul- 



tured cells lacking receptors have not been successful, 
leaving the species specificity of natural infection by 
this virus a mystery: other than humans, only chim- 
panzees are "naturally" infected with this virus (292). 
Spear and colleagues have demonstrated, by inhibition 
of attachment of virus by glycoproteins and synthetic 
peptides, that either gB or gC is required for this step 
in the process of attachment of HSV to cell surfaces 
(P. G. Spear, personal communication). Whether both 
glycoproteins see the same domain of heparan sulfate 
proteoglycans is not yet clear. The attachment of virus 
to heparan sulfate is the first step in the attachment 
process. 

An apparently similar step in the attachment pro- 
cess is the one that is blocked by the polycations neo- 
mycin and polylysine (257,258; G. Campadelli-Fiume, 
unpublished data). Mapping data based on the differ- 
ences in susceptibility of HSV-1 and HSV-2 to these 
compounds suggests that this step appears to involve 
gC. Minson and co-workers (38,99) have recently 
shown that gH is also required for one of the early 
steps in viral infection, but this step may involve pen- 
etration rather than attachment. 

The approach taken in the attachment studies de- 
scribed above is in stark contrast to the many attempts 
to define the components of the attachment process 
by analyses of attachment and penetration of viruses 
exposed to polyclonal or monoclonal antibodies di- 
rected against individual proteins. We have set aside 
the observations that mono- or polyclonal antibodies 
to each of the major glycoproteins (gB, gC, gD, gE) 
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may inhibit infection or preclude penetration but not 
attachment. These catalogues of interesting data may 
become useful when the precise epitopes and the struc- 
tures of the surface domains of the glycoproteins be- 
come known. In their present form, the data are ame- 
nable to many different interpretations. 



Penetration into the Infected Cell 

Attachment to the cell surface activates a process 
mediated by viral surface proteins that cause the fusion 
of the viral envelope and the cell plasma membrane. 
There is overwhelming acceptance of Morgan et al.'s 
(322) hypothesis that multiplication results from the 
entry of virus mediated by fusion of the envelope and 
plasma membranes rather than from that mediated by 
phagocytosis. This hypothesis is supported by the ob- 
servation that penetration by endocytosis results in a 
nonproductive infection (43). The demonstration that 
virion envelope Fc receptors [i.e., gE and gl (205)] 
could be detected on cell surfaces following penetra- 
tion in the absence of viral gene expression is consis- 
tent with this hypothesis (345). 

Penetration may be a multistep event involving more 
than one viral glycoprotein. The cumulative evidence 




FIG. 4. Schematic representation of the regulation of 
HSV-1 gene expression. Open and filled arrows represent 
events in the reproductive cycle which turn gene expres- 
sion "on" and "off," respectively. 1: Turning on of a gene 
transcription by otTIF, a y protein packaged in the virion. 
2: Autoregulation of a gene expression. 3: Turning on of 
P gene transcription. 4: Turning on of 7 gene transcrip- 
tion by a and p gene products through frans-activation 
of y genes, release of y genes from repression, and rep- 
lication of viral DNA. Note that 7 genes differ with respect 
to the stringency of the requirement for DNA synthesis. 
The heterogeneity is shown as a continuum in which in- 
hibitors of viral DNA synthesis are shown to have minimal 
effect on 7 a gene expression but totally preclude the 
expression of 7 2 genes. 5: Turn off of a and p gene expres- 
sion by the products of 7 genes late in infection. 




FIG. 5. Electron micrographs of the envelopment and 
egress of virus from infected cells. A: Envelopment of 
virus from a protrusion of the nucleus. Note that the nu- 
cleus contains marginated chromatin. The inner lamellae 
of the nuclear membrane contain electron-dense, slightly 
curved patches representing regions of the membrane at 
which envelopment takes place. Note the spikes project- 
ing from the surface of the membrane of the capsid being 
enveloped. B: An enveloped capsid and numerous unen- 
veloped capsids found late in infection in the cytoplasm 
of infected cells. Some of the capsids appear to be in the 
process of being either enveloped or de-enveloped. C: 
Micrograph showing an enveloped capsid in the space 
between the inner and outer lamellae of the nuclear mem- 
brane connecting with the cisternae of the endoplasmic 
reticulum. D: An unenveloped capsid in the nucleus and 
an enveloped particle bulging in the cisternae of the en- 
doplasmic reticulum. E: Cytoplasmic enveloped particles 
enclosed in vesicles or cisternae of endoplasmic retic- 
ulum. F: Modified nuclear membranes folded upon them- 
selves frequently seen in cells late in infection. The struc-^ 
tures formed by such membranes have been designated 
as "reduplicated membranes." [Electron * micrographs 
have been assembled from refs. 410 and 417 and from J. 
Schwartz and B. Roizman (unpublished micrographs).] 



indicates the following: (i) An HSV-1 ts mutant ex- 
pressing an altered gB attaches to, but does not pen- 
etrate into, cells (282); however, infection does ensue, 
and progeny virus is made after chemically induced 
fusion of the envelope of the adsorbed virus to the 
plasma membrane (441,442). Consistent with these re- 
sults, gB~ virus attaches but does not penetrate (41). 
(ii) HSV-1 gt)~ virus also attaches but does not pen- 
etrate (206). (iii) Cells expressing HSV-1 gD allow at- 
tachment and endocytosis of both HSV-1 and HSV-2; 
however, fusion of viral and cellular membranes, and 
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FIG. 6. Attachment and penetration of HSV-1 to cells in 
culture. A and B: Virions attached to plasma membrane. 
C: Capsids with DNA at nuclear pores in cells infected 
with HSV-1 (HFEM)fsB7 maintained at the nonpermissive 
temperature (20). D: Empty capsids accumulating in cells 
late in infection with mutant HSV-1 (SOB) late in infection 
(505). In cells infected with this mutant, virtually every 
pore contains a juxtaposed empty capsid. 



penetration, do not ensue (43). The interpretation of 
these results is as follows: (a) Both gB and gC rec- 
ognize, as well as attach to, cell receptors; (b) gB and 
gD play an indispensable role in the fusion of the en- 
velope with the plasma membrane; and (c) gD se- 
questers the cell membrane proteins required for fu- 
sion of the viral and cellular membranes. Virions 



attaching to the plasma membrane which cannot fuse 
are internalized and degraded in endocytic vesicles. 

The transition from attached to penetrated virus, as 
measured by susceptibility to neutralization (charac- 
teristic of virus still attached to the cell surface), is 
very rapid (188). 



Release of Viral DNA 

Upon entry into the cell, the capsids are transported 
to the nuclear pores (Fig. 6) (20,505). Release of viral 
DNA into the nucleoplasm requires a viral function; 
thus, capsids of the ts mutant HSV-1 (HFEM)fsB7 ac- 
cumulate at nuclear pores and release viral DNA only 
after a shift down from nonpermissive to permissive 
temperature (20). Empty capsids are readily found at 
nuclear pores early in infection with wild-type viruses. 
The cellular cytoskeleton probably mediates the trans- 
port of herpesvirus capsids to the nuclear pores 
(80,244). Parental viral DNA accumulates in the nu- 
cleus. 



Virion Components Required for Replication in 
Permissive Cells 

Transfection of "permissive" cells with intact, de- 
proteinated viral DNA yields infectious viral progeny 
(160,256,461). However, the specific activity of viral 
DNA is many orders of magnitude lower than that of 
virions, and the duration of the reproductive cycle is 
longer. Moreover, there is no certainty that the se- 
quence of events in transfected cells resembles the 
viral reproductive cycle occurring in cells infected with 
competent virions. 

The components of the virion other than its DNA 
appear to have several functions. In addition to pro- 
tecting and facilitating the entry of the DNA into cells, 
the virion components appear to be involved in 
the early shut-off of host macromolecular synthesis 
(125,252,253,333-335,395,414,443,491,494-496). That 
virion components also participate in viral replication 
is deduced from the conclusion that a virion tegument 
protein (designated in the Spear and Roizman (478) 
nomenclature as VP16) acts in trans to induce a genes, 
the first set of genes to be expressed (21,46,354,367). 
Since the induction of a genes is a nuclear event, it is ^ 
evident that at least some virion components make 
their way into the nucleus. Preston and Notarianni 
(376) reported ADP ribosylation of the capsid protein 
VP23 (148,150,478) in nuclei of freshly infected cells, 
suggesting that it is also translocated into the nucleus. 
It has previously been reported that phosphate cycles 
on and off VP23, suggesting either that VP23 is a com- 
ponent of the protein kinase associated with HSV vir- 
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ions or that the kinase phosphorylates and dephos- 
phorylates VP23 and substrate proteins (265). 



Viral Genes: Pattern of Expression and 
Characterization of Their Products 

Timing and Requirements for Gene Product Synthesis 

The transcription of viral DNA takes place in the 
nucleus. As would be expected, all viral proteins are 
synthesized in the cytoplasm. The number of abundant 
(i.e. readily detectable) polypeptides specified by HSV 
does not exceed 50 (76,183,324). Assuming that only 
the open-reading frames identified by McGeoch et al. 
(294,299) are expressed, the HSV genome would en- 
code 70 polypeptides. However, as discussed later in 
this text, the definition of open-reading frames in the 
viral genome is somewhat arbitrary, and a higher num- 
ber is not unlikely. 

In cells productively infected with HSV, the regu- 
lation of viral gene expression schematically repre- 
sented in Fig. 4 has three features: (i) HSV proteins 
form several groups whose synthesis is coordinately 
regulated in that they have similar requirements for, 
as well as similar kinetics of, synthesis; (ii) the absolute 
rate of synthesis and ultimate abundance of each pro- 
tein may vary ; and (iii) the protein groups are sequen- 
tially ordered in a cascade fashion (124,183-185, 
241,357). 

a genes are the first to be expressed. There are five 
a proteins, namely, infected cell polypeptides (ICPs) 
0, 4, 22, 27, and 47. a genes were initially defined as 
those that are expressed in the absence of viral protein 
synthesis. The a genes may be defined more precisely 
by the presence of the sequence 5' NC GyATGn- 
TAATGArATTCyTTGnGGG 3' in one to several cop- 
ies within 400 base pairs upstream of the cap site (280). 
We should also note that in addition to the five a genes, 
other domains of the viral genome are transcribed 
under "a" conditions. The two reported to date are: 
(i) the latency-associated transcript 1 (LAT1), which 
is antisense to, as well as partially overlapping, the 3' 
domain of the a0 gene (486); and (ii) a transcript des- 
ignated as ORI s RNAi, located in the inverted repeats 
of the small component with a start site within the 5' 
transcribed noncoding domains of the a22/a47 genes, 
which extends antisense to those genes and terminates 
approximately at the cap site of the a22/ot47 mRNAs 
(190,191). 

The synthesis of a polypeptides reaches peak rates 
at approximately 2-4 hr post-infection, but a proteins 
continue to accumulate until late in infection at non- 
uniform rates (184). To date, all a proteins, with the 
possible exception of a47, have been shown to have 
regulatory functions. As discussed in detail below, 



functional a proteins are required for the synthesis of 
subsequent polypeptide groups. 

P genes are not expressed in the absence of com- 
petent a proteins; moreover, their expression is en- 
hanced, rather than reduced, in the presence of inhib- 
itory concentrations of drugs that block viral DNA 
synthesis or in cells infected with tight DNA" ts mu- 
tants in p genes. The p x and p 2 groups of polypeptides 
reach peak rates of synthesis at about 5-7 hr post- 
infection (184). 0i genes, exemplified by polypeptides 
pi6 [the large component of the viral ribonucleotide 
reductase (192)] and p^ [the major DNA-binding pro- 
tein (68)], appear very early after infection and have 
previously been mistaken for a proteins (61). They are 
differentiated from the latter by their requirement for 
functional a4 protein for their synthesis (184,185). p 2 
polypeptides include the viral thymidine kinase (TK) 
and DNA polymerase. The appearance of p gene prod- 
ucts signals the onset of viral DNA synthesis, and most 
viral genes involved in viral nucleic acid metabolism 
appear to be in the p group. 

y genes have been lumped for convenience into two 
groups, *yi and y 2 , although in reality they form a con- 
tinuum differing in their timing and dependence on 
viral DNA synthesis for expression (68,72,176,177, 
217,466,515). The prototype 71 gene (e.g., the genes 
specifying glycoproteins B and D) is expressed rela- 
tively early in infection and is only minimally affected 
by inhibitors of DNA synthesis. The relatively abun- 
dant major capsid protein, 7i5, is made both early and 
late in infection. In contrast, prototypic y 2 genes are 
expressed late in infection and are not expressed in the 
presence of effective concentrations of inhibitors of 
viral DNA synthesis. 

71 genes have also been designated as P7 genes 
(72,176,177). The differentiation of p genes into pi and 
p 2 and the variability in the requirements for the 
expression of y genes are the major reasons for the 
designation of HSV genes as a, p, and y rather than 
immediate-early, early, and late (184). 

The Functional Organization of Herpes Simplex Virus 
Genomes 

The sources of the data for the functional organi- 
zation of the HSV-1 genome shown in Fig. 7 are useful 
to present for both historical and heuristic reasons. n 
Globally, the key sources were the transcriptional 
maps painstakingly collected and defined by Wagner 
and associates (5-7,71,72,74,101,102,139,140,162,176, 
177,515). These maps served as the basis for the in- 
terpretation of the nucleotide sequence data generated 
by McGeoch and associates (294-300); however, in 
some instances, transcriptional analyses (and even 
translational analyses) were ignored in favor of nu- 
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FIG. 7. Functional organization of the HSV-1 genome. The circles are described from inside out. 
Circle 1: Map units and kilobase pairs. Circle 2: Sequence arrangement of HSV genome shown 
as a circularized version of the P arrangement. Cleavage of the circle at O map units would yield 
a linear molecule in the P arrangement. The letters a, b, c, U L , and U s identify different domains 
of the genome. Circle 3: Representation of the open-reading frames. The letters and numbers 
indicate the regulatory class (a f p, 7-1, or 72) to which the gene belongs, and they also indicate 
the ICP designation of the product. The numbers outside the circle indicate the open-reading 
frames according to McGeoch et al. (294,298). Circle 4: This represents the direction and ap- 
proximate size of the transcripts as described by numerous laboratories. Circle 5: This lists the 
known functions of the proteins specified by the open-reading frames. Note that virion structural 
proteins are listed either as ''glycoprotein" or "virion." The genes dispensable for growth in cells 
in culture are listed in the text. The data for circles 3 and 4 are derived from refs. 6, 39, 57, 71, 
72, 74, 82, 86, 89, 101, 113, 139, 146, 162, 178, 296-300, 304, 305, 310, 31 1, 330, 353, 354, 358, 
393, 398, 400, 401, 459, 524, and 532. The references for gene functions (circle 5) are listed in 
the text. 
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cleotide sequences denoting putative transcriptional 
initiation sites or terminations. Identification of the 
proteins specified by the individual open-reading 
frames is based on several sources. The framework 
and much of the initial mapping of the HSV genome 
are based on analyses of proteins and DNA sequence 
arrangements of HSV-1 x HSV-2 recombinants 
(286,323,324,434) supplemented by (a) rescue of mu- 
tants by transaction of cells with intact mutant viral 
DNA and DNA fragments generated by restriction en- 
donuclease digestion of wild-type genomes (see, e.g. 
refs. 232, 233, 326, and 348), (b) transfer of a dominant 
or assayable marker from one genome to another with 
restriction endonuclease fragments (see e.g., refs. 232, 
240, 367, 368, and 434), and (c) expression of the gene 
product from purified mRNA or from a DNA fragment 
in a suitable system (see, e.g., 68, 172, 262, 277, and 
367). The products of a large number of putative open- 
reading frames have not been identified. The sequence- 
dependent, in contrast to transcription- or function- 
dependent, identification of open-reading frames is 
conservative and does not take into account proven 
exceptions (e.g., the arbitrary rules would have ex- 
cluded ctO as an open-reading frame if its product had 
not been known). Nevertheless, the overall organi- 
zation of the genome is becoming apparent and can be 
summarized as follows: 

1 . a genes map near the termini of the L and S com- 
ponents (5,218,277,324,330,378,522,523); a0 and a4 
map within the inverted repeats of the L and S com- 
ponents, respectively, and are therefore each present 
in two copies per wild-type genome. However, a single 
copy of each is sufficient inasmuch as HSV-1 (1358), 
a mutant lacking most of the internal inverted repeat 
sequences, is viable (363). In the circular arrangement 
of viral DNA, the a genes form two clusters. The first 
consists of a genes, 0, 4, and 22, whereas the second 
consists of a genes 47, 4, and 0. A key feature of these 
two clusters is that each contains an origin of DNA 
synthesis (Ori s ) sandwiched between a4 and a22 or 
between a4 and a47. Notwithstanding the clustering, 
each a gene has its own promoter-regulatory region 
and transcription initiation and termination sites (277- 
279). 

2. 3 and 7 genes are scattered in both the L and S 
components. At present, only two functional gene 
clusters are strikingly apparent, but their significance 
is uncertain: The 3 genes specifying the DNA polym- 
erase and the DNA-binding protein flank the L com- 
ponent origin of DNA synthesis (Ori L ), and the y genes 
specifying membrane glycoproteins D, E, G, I, and J 
map next to each other within the unique sequences 
of the S component (3,130,261,397,419,434,474,475, 
524; N. Frenkel, personal communication). Although 
there are several instances of apparent sharing of 5' or 



3' gene domains (102,398,522), there is altogether little 
gene overlap and few instances of gene splicing (515) 
relative to the frequency with which these events have 
been observed to occur in adenovirus and papovavirus 
genomes. 

In this chapter, each protein shall be designated by 
one of three criteria: (i) by function, if it is precisely 
defined (e.g., thymidine kinase, DNA polymerase, 
etc.), (ii) by the first published designation of the pro- 
tein, or (iii) by its open-reading frame. 

Synthesis and Processing of Viral Proteins 

Viral proteins appear to be made on both free and 
bound polyribosomes. Most of the proteins examined 
to date appear to be processed extensively after syn- 
thesis (2,33,45,112,148,186,357,473-476). Processing 
includes cleavage, phosphorylation, sulfation, glyco- 
sylation, and poly(ADP) ribosylation. In some in- 
stances the modifications in protein structure accom- 
pany the translocation of proteins across membranes 
(287). Current information concerning processing of 
proteins and the relationship of processing to function 
is detailed in the section on general properties and 
functions of viral proteins and in the section on viral 
glycoproteins. 

With the exception of some glycoproteins, the extent 
to which processing is a requirement of virus growth 
rather than the consequence of a confrontation be- 
tween cellular or viral enzymes and molecules resem- 
bling natural substrates remains uncertain. 

It is noteworthy that HSV specifies a protein kinase 
whose gene maps in the S component (131,297, 
388,389). The gene is dispensable for growth in cell 
culture, and its function is not known. It has been sug- 
gested that HSV may also encode a glycosyl transfer- 
ase, but to date this has not been demonstrated. 

Application of Genetic Techniques to the 
Identification of Gene Product Function: Genes 
Essential and Nonessential for Growth in Cell 
Cultures 

Key to the identification of viral functions and map- 
ping of viral genes encoding these functions are tem- 
perature-sensitive {ts) mutants. Some 30 complemen- 
tation groups have been identified to date (see ref. 
529) — an extraordinary accomplishment in itself, 
given the difficulties inherent in the selection and test- 
ing, as well as in the placement of the mutants into 
complementation groups. The ts mutants have been 
enormously helpful in mapping genes. Nevertheless, 
this approach to identification and mapping of viral 
functions suffers from several problems: (i) The pheno- 
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types of viruses containing extensive mutations in 
some nonessential genes cannot be readily differen- 
tiated from that of wild-type virus; (ii) conditional le- 
thal (e.g. , ts) mutants produced by general mutagenesis 
of the viral genome may contain a large number of 
silent nonlethal mutations in both essential and non- 
essential genes; (iii) the phenotypes of mutations in- 
troduced into domains shared by more than one gene 
cannot be readily attributed to the malfunction of a 
specific gene product; and (iv) while the usefulness of 
ts mutants is, in part, dependent on their efficiency of 
plating at permissive and nonpermissive temperatures, 
tight mutants with high permissive/nonpermissive ra- 
tios may well contain more than one point mutation. 
Although the presence of multiple mutations in a single 
gene should not affect the mapping or identification of 
the gene function, it does present a problem in mapping 
the functional domains of the gene. 

An alternative to the random or fragment specific 
substitution of bases in DNA is site-specific deletion 
of the viral genome. A protocol for site-specific inser- 
tion/deletion of viral genes was first reported by Post 
and Roizman (368). It was based on selection of 
recombinants generated by double recombination 
through homologous flanking sequences between an 
intact viral DNA molecule and a DNA fragment con- 
taining an insertion or deletion and a selectable 
marker. The selectable marker used in these studies 
was the viral thymidine kinase (tk) gene because (i) it 
can be deleted from the HSV genome without affecting 
growth of the virus in cell culture, (ii) a plasmid-borne 
tk gene can be altered so that it cannot recombine by 
double crossover to repair the deletion in the genomic 
tk gene, (iii) viruses carrying a functional tk gene can 
be selected against by plating viral progeny in the pres- 
ence of nucleoside analogues phosphorylated by the 
viral TK (e.g., Ara T), and (iv) viruses expressing the 
tk gene can be selected for by plating the virus in TK~ 
cells in medium containing methotrexate or aminop- 
terin, which block the conversion of TMP from dUMP 
by thymidylate synthetase and preclude the de novo 
pathway of TMP synthesis. This procedure permits the 
selection of viable mutants with deletions or insertions 
in genes that appear to be nonessential for growth in 
cells in culture. Other investigators adapted the dou- 
ble-crossover protocol for selection of mutants with 
deletions in essential genes (41,94,267). In this protocol 
the gene to be deleted was transfected into, and ex- 
pressed in, Vero cells; the vector cell line (i.e., the 
cells expressing the gene) was then transfected with 
intact viral DNA and the mutated DNA fragment. The 
progeny of transfection were screened for deletion mu- 
tants that multiplied only in the vector cell line. 

A still different protocol for insertional mutagenesis 
is based on the use of transposons (e.g. , miniMu phage, 



Tn5) (202,418,526). Its principles were described first 
by Jenkins et al. (202), taking advantage of the random 
insertion of miniMu into target plasmid DNAs. A 
miniMu phage containing a modified HSV-1 tk gene 
was constructed. Transposition of this miniMu into an 
HSV fragment is random and is limited to one insert 
per plasmid copy. Transfection of intact TK" viral 
DNA with an HSV DNA fragment containing random 
insertions of the modified miniMu would result in re- 
combinants in which the miniMu randomly inserted 
into the viral DNA fragment would become recom- 
bined at the identical position in the viral genome. 
However, only the genomes containing the miniMu at 
a nonessential site multiplied in cells in culture. 

Among the genome domains not essential for growth 
in cells in culture are the following: all of the genes 
mapping in U s except for that specifying glycoprotein 
D (273-275,526); the internal inverted repeats 
(203,274,363); one origin of DNA synthesis in the S 
component (274); the origin of DNA synthesis in the 
L component (530); a0 (437,489); dUTPase (128); ur- 
acil-DNA glycosylase (327); glycoprotein C (170, 175); 
the major component of the ribonucleotide reductase 
(ICP6) (42,154); the minor component of the ribonu- 
cleotide reductase (42); the thymidine kinase (223,368); 
a gene reported to cause fusion of cells (UL24) (196); 
a gene 3' to aTIF reported to modulate its activity 
(UL44) (J. McKnight and B. Roizman, unpublished 
data); and the genes mapping between the 3' end of 
a27 and the internal inverted repeats (313). Among the 
essential genes deleted from the viral genome are those 
specifying glycoprotein B (41), glycoprotein D (267), 
a 4 (94, 471), a 27 (291), and ICP8 (343). As expected, 
gB ~ , gD " , ICP8 " , a27 ~ , and ot4 " viruses are not ca- 
pable of yielding infectious progeny in cells that do not 
express gB, gD, ICP8, ICP27, or ICP4. 

In a special category are deletion mutants whose 
ability to multiply is cell-species-dependent. One ex- 
ample of such mutants is the a22" virus, which grows 
well in Vero and HEp-2 cell lines but not in human 
fibroblast strains or in rodent cell lines (450). In the 
nonpermissive cells, the virus fails to express y 2 genes 
efficiently. 

It could be predicted that viral genes that specify 
products whose functions are identical and inter- 
changeable with those of cellular genes would be dis- 
pensable, at least in cells that express these functions. 
In this category are the tk gene, the genes specifying 
ribonucleotide reductase, and possibly the gene spec- 
ifying the protein kinase. It is conceivable that the 
functions of other viral genes (e.g., those of ot22) are 
complemented by some cells but not by others, and it 
is also conceivable that some of the dispensable genes 
may also be complemented by cellular counterparts. 
However, the dispensable genes specifying the surface 
glycoproteins C, E, G, I, and J must be in a different 
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category. It is difficult to ascribe to these proteins func- 
tions other than those associated with entry into cells 
or with egress from cells, functions that are also as- 
cribed to glycoproteins B, D, and H. While we cannot 
exclude the possibility that cells express proteins with 
similar functions which complement the deletion mu- 
tants, a more likely scenario is that HSV itself carries 
a set of genes which enables the virus to multiply in a 
wide variety of human cells. Among these cells may 
be not only those that do not express tk, ribonucleotide 
reductase, and so on, but also those which require al- 
ternate pathways for infection, for regulation of gene 
expression, and so on. These "nonhomologous" func- 
tional alternates remain to be established, but it is rel- 
evant to reiterate that both glycoproteins B and C 
endow the virus with the capability of attaching to he- 
paran sulfate proteoglycans (547). 

Synthesis of Viral DNA 

Temporal Pattern of Synthesis 

A characteristic of herpesviruses not shared by other 
nuclear DNA viruses is that they specify a large num- 
ber of enzymes involved in DNA synthesis. Although 
the sequence of events in viral DNA replication is 
roughly known, details are lacking. In HSV-infected 
cells, viral DNA synthesis is detected at about 3 hr 
post-infection and continues for at least another 9-12 
hr (413,414,421). The DNA is made in the nucleus, but 
the kinetics of DNA synthesis have not been addressed 
properly. Earlier studies relied on incorporation of la- 
beled thymidine into viral DNA — a procedure that 
yielded biased results inasmuch as the deoxynucleo- 
tide triphosphate pool increases and becomes satu- 
rated early in infection. Hence, the rate of viral DNA 
synthesis as determined by the use of labeled deox- 
ynucleosides appears to be highest relatively early in 
infection. 

Structure of Replicating DNA 

At least in HSV-1 -infected cells, only a small portion 
of total input (parental) viral DNA is replicated (194). 
The DNA labeled during a pulse lacks free ends; that 
is, it consists of circles or head-to-tail concatemers 
(194,195). Labeled precursors become incorporated 
into molecules banding at a higher density which sed- 
iment at a faster rate than intact double-strand DNA. 
In alkaline sucrose density gradients, the bulk of the 
labeled DNA bands at a position expected for small 
single-strand fragments. Early after the onset of viral 
DNA synthesis, parental DNA, circles, and linear 
branched forms can be found in the DNA banding at 
the density of viral DNA. These are replaced late in 



the reproductive cycle by large, rapidly sedimenting 
bodies of tangled DNA. Available evidence suggests 
that, at least late in infection, herpesvirus DNAs rep- 
licate by a rolling circle mechanism (24,195). Attempts 
to find t4 theta" forms of replicating DNA early in in- 
fection have not been successful. 



Origins of DNA Replication 

The origins (ori) of DNA replication in the HSV ge- 
nome (271) were initially deduced from the structures 
of defective genomes (134,446,471a) and have more 
recently been operationally defined as those sequences 
which must be present in a fragment of HSV DNA in 
order for it to be amplified in permissive cells trans- 
fected with the fragment and either transfected or in- 
fected with helper virus (319,512). By this definition, 
HSV-1 and presumably HSV-2 each contain three 
origins of DNA replication. Two of the origins map in 
the c reiterated sequence of the S component, between 
the promoters of <x4 and a22 (ori s l) or a4 and a47 (ori s 2) 
(17,88,319,487,488,512), whereas a third origin (ori L ) 
maps in the middle of the L component sandwiched 
between the promoters of the 0 genes specifying the 
major DNA-binding protein (ICP8) and the DNA po- 
lymerase (271,472,530). 

The L-component origin consists of an A + T-rich, 
144-base-pair sequence forming a perfect palindrome 
(234,272,393,530). Because of its extensive dyad sym- 
metry, it tends to be unstable in DNA fragments cloned 
in Escherichia coli (530). The S component origin is 
shorter and contains a much shorter A + T-rich pal- 
indrome which is related to, but lacks, the complete 
dyad symmetry of ori L . It has been suggested that the 
structure of ori L enables bidirectional synthesis, 
whereas DNA synthesis initiated in ori s would be 
asymmetric. The existence or necessity for bidirec- 
tional synthesis of DNA remains to be established. 
Ori L and at least one ori s can be deleted without af- 
fecting the ability of the virus to multiply. 

Very little is known about the function of the origins. 
The conclusion that these sequences are indeed origins 
is supported by the studies of origin-dependent am- 
plification of DNA by fragments encoding genes shown 
to be essential for viral DNA synthesis. However, 
major questions remain unanswered, particularly the 
function of the origins once viral DNA synthesis is 
initiated and whether the two kinds of origins are 
equivalent or subordinate to each other, especially be- 
cause the reported positions of loops in replicating 
HSV DNA appear, in some instances, to be different 
from those of the known origins (465). It is noteworthy 
that both ori L and ori s are situated between transcrip- 
tion initiation sites. The locations of the origins suggest 
that initiation of DNA synthesis might be activated, or 
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at least enhanced, by the changes in the local envi- 
ronment of the DNA due to transcription initiation 
events. 

Functional Requirements for DNA Synthesis 

HSV specifies a large array of proteins involved in 
nucleic acid metabolism and DNA synthesis. These 
proteins fall into two categories: (i) proteins that are 
essential for viral origin-dependent amplification of 
DNA and (ii) enzymes involved in nucleic acid me- 
tabolism (e.g., thymidine kinase, ribonucleotide re- 
ductase, dUTPase, uracil-DNA glycosylase, alkaline 
exonuclease) which, for the most part, appear not to 
be essential for viral growth in cells in culture. A virus- 
specific topoisomerase has also been reported (329) but 
has not been shown to be virally encoded (16). 

Much of the initial evidence for viral proteins es- 
sential for DNA synthesis emerged from studies of the 
defects in DNA~ ts mutants. More recently, the genes 
whose products are essential for DNA synthesis were 
identified by transfecting cells with a plasmid contain- 
ing an origin of DNA synthesis and various fragments 
of the HSV genome. These studies (53) identified seven 
genes mapping in the L component (open-reading 
frames UL5, UL8, UL9, UL29, UL30, UL42, and 
UL52) required for viral-origin-dependent DNA syn- 
thesis. The seven genes specify the following: a DNA 
polymerase (UL30) with an apparent molecular weight 
of 140,000 (55,62,167,182,220,221,369); a single-strand 
specific-DNA-binding protein designated as ICP8 
(UL29) with an apparent molecular weight of 124,000 
(53,59,68,204,237,283,288,369,390,435,546); a protein 
binding to the origin of viral DNA synthesis (UL9) 
(106,107,236,340) with a translated molecular weight 
of 94,000 (107); a protein that binds to double-strand 
DNA (UL42) with a molecular weight of 62,000 
(285,294,347,546); and three additional proteins (UL5, 
predicted molecular weight of 99,000; UL8, predicted 
molecular weight of 80,000; and UL52, predicted mo- 
lecular weight of 114,000). These three proteins form 
a complex in which each protein is present in equi- 
molar rations and which functions as a primase and a 
helicase (78). An HSV-specific primase activity was 
previously reported by Holmes et al. (179). The protein 
specified by UL5 has independently been shown to be 
a DNA-dependent ATPase (E. Mocarski, personal 
communication). 

The DNA polymerase, in particular, has been the 
object of numerous studies because of its unusual sen- 
sitivity to a variety of compounds (e.g., phosphonoac- 
etate and phophonoformate). Temperature-sensitive 
mutants expressing altered HSV DNA polymerases 
have been described (55,62,386,387), and some mu- 
tants have been found to be resistant to a variety of 



drugs such as phosphonoacetate (54,204,386) and nu- 
cleoside analogues [e.g., acycloguanosine (77)] inhib- 
itory to wild-type viruses. 

ICP8 (pi8) has also been extensively investigated, 
particularly by Knipe and colleagues (151- 
153,237,259,260,390-392), and by Ruyechan and col- 
leagues (431-433,435). The protein has an apparent 
molecular weight of approximately 120,000. It has an 
affinity for single-strand DNA (385), and its binding is 
cooperative (431). Temperature-sensitive mutants in 
this gene fail to synthesize viral DNA at the nonper- 
missive temperature (68,151), as do deletion mutants 
in cells that do not provide ICP8 in trans (343). 

The seven proteins described above appear to be all 
that is necessary for ori s -dependent amplification of 
DNA transfected into cells. Other proteins undoubt- 
edly play a role in processing, cleavage, and packaging 
of the genomic viral DNA, as well as in the production 
of precursors of DNA synthesis; for example, as de- 
scribed below, the alkaline DNase is not among these 
seven genes but is essential for viral DNA replication 
(325). 

Alkaline DNase 

HSV-1 induction of an alkaline DNase activity was 
first reported in 1963 (221). The gene has been mapped 
by transient expression in oocytes (373) and by the use 
of HSV-1 x HSV-2 recombinants (14) to between 
0.145 and 0.185 map units, corresponding to open- 
reading frame UL12 (294). The protein is encoded by 
a 2.3-Kb mRNA (101) and has a predicted translated 
molecular weight of 67,503 (294) and an apparent mo- 
lecular weight of 80,000-85,000 (15). A ts mutant (132) 
was used to demonstrate that the DNase activity is 
essential not only for viral growth but also for DNA 
replication (325). In contrast to the requirement for this 
activity for DNA synthesis in infected cells, the en- 
zyme is not required in transient expression assays 
involving individual viral genes and a viral origin of 
DNA synthesis contained in a plasmid (53). 

Several other proteins involved in nucleic acid me- 
tabolism have been described but appear not to be es- 
sential for virus growth in cells in culture. 

Thymidine Kinase (TK) 

TK is by far the best known of the viral proteins. A 
unique characteristic of TK is that its substrate range 
is far greater than that of its host counterpart. Although 
it has been designated as a deoxypyrimidine kinase 
(198), it actually phosphorylates purine pentosides and 
a wide diversity of nucleoside analogues that are not 
phosphorylated efficiently by cellular kinases (204, 
224,231). This characteristic of TK is the basis for the 
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effectiveness of various nucleoside analogues in the 
treatment of experimental and natural herpesvirus in- 
fections. The observation that TK is essential for nor- 
mal virus multiplication in experimental infections 
(127,500) but not in cell culture (223) is the basis of 
much of the probing of the HSV genome structure done 
in recent years (363,367,368). Mutants in the tk gene 
fall into several groups. Some fail to produce func- 
tional TK altogether, whereas others make either (a) 
reduced amounts of enzyme or (b) an enzyme with an 
altered substrate specificity which is resistant to the 
analogue used in the selection process (83,127, 
370,492). 

Ribonucleotide Reductase 

The HSV ribonucleotide reductase consists of two 
proteins: The large subunit, ICP6 (184,185,192,380), 
has an apparent molecular weight of 140,000 and a pre- 
dicted translated molecular weight of 124,043 (294); the 
small subunit has an apparent molecular weight of 
38,000 (11,380) and a predicted translated molecular 
weight of 38,017 (294). The two genes are encoded by 
3'-coterminal mRNAs of 5.0 Kb for the large subunit 
and 1.2 Kb for the small subunit (6,493). The two pro- 
teins are tightly associated in a a 2 p 2 complex 
(11,12,193), and both subunits are required for activity 
(ll',129,187). 

Ribonucleotide reductase functions to reduce ribon- 
ucleotides to deoxyribonucleotides, creating a pool of 
substrates for DNA synthesis. The viral enzyme is not 
essential for growth in actively dividing cells main- 
tained at 37°C (154). However, it is required for effi- 
cient viral growth and DNA replication in nondividing 
cells or in cells maintained at 39.5°C (155,380), indi- 
cating that at 37°C, actively dividing cells can com- 
plement the viral function. 

Uracil-DNA Glycosylase 

HSV encodes a uracil glycosylase, which presum- 
ably functions in DNA repair and proofreading. Uracil 
glycosylase acts to correct the insertion of dUTP and 
to correct the deamination of cytosine residues in 
DNA; the extremely high G + C content of HSV DNA 
makes this an important element of error correction in 
HSV DNA replication. The HSV-induced uracil gly- 
cosylase has been identified by Caradonna and Cheng 
(47), and its coding domain was initially mapped to 
between 0.065 and 0.08 map units (48), a location cor- 
relating to the UL2 open-reading frame (294). Subse- 
quent in vitro translation experiments definitively iden- 
tified UL2 as the uracil glycosylase gene (545). The 
protein has an apparent molecular weight of 39,000 (48) 
and a predicted translated molecular weight of 36,326 



(294). The gene has been deleted and is nonessential 
for growth of the virus in culture (327). 

dUTPase (Deoxyuridine Triphosphate 
Nucleotidohydrolase) 

dUTPases act to hydrolyze dUTP to dUMP, pro- 
viding both (a) a mechanism to prevent incorporation 
of dUTP into DNA and (b) a pool of dUMP for con- 
version to dTMP by thymidylate synthetase. An HSV- 
encoded dUTPase has been identified (47,543); con- 
trary to early reports (543), the purified enzyme is spe- 
cific for the hydrolysis of dUTP (541). The viral gene 
has been mapped to between 0.69 and 0.70 map units 
by transient expression (379), corresponding to the 
UL50 open-reading frame (294). dUTPase activity ap- 
pears to be lacking in HSV-l(17)fsK, a mutant in ICP4 
used for analyses of gene regulation (84). The dUTPase 
gene has subsequently been shown to be nonessential 
for growth of the virus in tissue culture (128). 

Assembly of Capsids 

Capsids are assembled in the nucleus (Fig. 3). The 
steps in the assembly are not defined. Viral DNA is 
packaged into preformed capsids. 

Cleavage and Packaging of HSV DNA 

Newly synthesized viral DNA is "processed" and 
packaged into preformed empty capsids. "Pro- 
cessing" involves (a) amplification of a sequences and 
(b) cleavage of viral DNA lacking free ends (i.e., in 
circular or head-to-tail concatemeric form). The iso- 
merization of the DNA is associated with the process 
of DNA replication, cleavage, and packaging. There 
is considerable evidence that cleavage and packaging 
of DNA are linked processes (90,91,254,255). The iso- 
merization of the DNA is less well understood. The 
available data have come from three sources: (i) anal- 
yses of the termini of standard viral genomes 
(87,321,323); (ii) analyses of termini of viral genomes 
containing insertions of additional a sequences 
(56,510); and (iii) studies on amplicons, plasmids con- 
taining an origin of viral DNA synthesis and one or 
more a sequences which are amplified and packaged 
with the aid of a helper virus (90,91,472,512,513). 

The net result of the process of cleavage of standard 
genomes from concatemers is the generation of (a) a 
free S-component terminus consisting of one a se- 
quence with a terminal DR1 sequence containing only 
a single base pair and and one 3' nucleotide extension 
(320) and (b) a free L-component terminus consisting 
of one to several directly repeated a sequences and 
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ending in a DR1 containing 18 base pairs and one 3' 
nucleotide extension. Upon circularization of the DNA 
following entry into cells, the two partial DR1 se- 
quences together would form one complete DR1 
shared by two a sequences. In the reverse process of 
linearization of viral DNA for packaging, cleavage of 
endless (circular or concatemeric) DNA occurs asym- 
metrically within a DR1 second distal from the c se- 
quence and, in an ideal case, shared by two a se- 
quences. Studies on junctions containing a single a 
sequence show that they are cleaved (91). The results 
of such studies have been interpreted to indicate either 
(a) that the sequence xay is cleaved to yield xa and y, 
and the y product is processively degraded along the 
DNA to the next a sequence, or (b) that the cleavage 
simultaneously yields both xa and ay by amplification 
of the a sequence during the cleavage process 
(90,91,510). Parenthetically, there is little doubt that 
DNA lacking a terminal a sequence could be degraded, 
but inasmuch as nearly 50% of the L-S component 
junctions are of the bac type (i.e., have a single a se- 
quence), a hypothesis whose logical extension is that 
50% of newly synthesized DNA is degraded during 
packaging does not make biological sense. 

Deiss et al. (90) analyzed the cleavage and packaging 
of a series of amplicons. Those lacking the Ub se- 
quence were amplified and packaged, but they ac- 
quired an intact a sequence from the helper virus. 
Those lacking the Uc sequence were not subject to 
cleavage and packaging. Domains were identified in 
Ub and Uc which were conserved in several herpes- 
viruses and which were designated pad and pac2, re- 
spectively. The model (90) that best fits the data, pre- 
sented here in a slightly modified form (Fig. 8), consists 
of several steps: (i) A cleavage-packaging protein at- 
taches to the Uc sequence, (ii) A putative structure on 
the surface of the capsid complexes with a t/c-bound 
protein sequence, loops the viral DNA, and scans from 
the bound a sequence (a x ) across the L component 
toward the end of the S component until it detects the 
first Uc-DRI-Ub domain of an a sequence in an iden- 
tical orientation, (iii) In the juxtaposed a sequences, 
the DR1 sequence of one a is cleaved and the gap is 
repaired, resulting in the generation of an a sequence 
by the mechanism proposed by Szostak et al. (497) to 
explain recombinational events resulting in gene con- 
version, (iv) Cleavage then occurs in the DR1 shared 
by the two d sequences. In this model, the a sequences 
in the internal inverted repeats play no role in the pack- 
aging of the unit-length molecule, consistent with the 
observation that HSV-1 DNA from which the internal 
inverted repeats are deleted do package effectively. 

The packaging component of the model of Deiss et 
al. (90) predicts that the length of the packaged DNA 
can be defined by the distance between two directly 
repeated a sequences. The studies by Frenkel et al. 




FIG. 8. Packaging of HSV-1 DNA. The current model de- 
veloped by N. Frenkel and associates is described in 
Deiss et al. (90) and in the text. The model requires that 
proteins attach to components of the a sequence, prob- 
ably Uc t and that empty capsids scan concatemeric DNA 
until contact is made in a specific orientation with the 
first protein-Uc sequence (capsid A); the DNA is then 
taken into the capsid (capsid B) until a "head full" is 
taken in or one a sequence whose nucleotide arrange- 
ment is in the same orientation (i.e., one genome equiv- 
alent in length away) is encountered (capsid C); the pack- 
aging signal requires nicking of both strands from signals 
on opposite sites of a DR1 sequence. In the absence of 
two adjacent a sequences (capsid D), the juxtaposition 
of the a sequences would result in duplication of the a 
sequence (capsid E) as described by Deiss et al. (90) . 
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(134) indicate that the situation is likely to be more 
complex. Defective genomes consisting of 17+ direct 
reiterations of a unit consisting of an ori and an a se- 
quence are readily detected in virions of HSV stocks 
derived by serial passages at relatively high multiplic- 
ities (134). These observations are consistent with the 
hypothesis that, besides the scanning mode, there is a 
"head full" recognition element that selects the jux- 
taposed a sequence once a threshold amount of DNA 
has been packaged. There is evidence, however, that 
shorter fragments of HSV DNA are packaged into cap- 
sids but that these capsids do not become enveloped 
(513). The hypothesis that may explain the apparent 
contradiction is as follows: Packaging aborts when the 
DNA reeled into the capsid is smaller than full length, 
but the capsid does not disgorge the packaged frag- 
ment. 

The viral proteins responsible for the cleavage- 
packaging event have not been identified, but two sets 
of DNA-binding proteins of potential significance have 
been reported. Chou and Roizman (58) have identified 
two viral proteins which form a sequence-specific com- 
plex with the portions of the Uc sequence containing 
pad. In addition, capsids contain a protein that binds 
viral DNA [VP19C or ICP32 (32)]. 



Inversions of the L and S Components 

The isomerization of HSV DNA resulting from the 
inversion of the L and S components relative to each 
other is an intriguing, tantalizing feature of the HSV 
genomes shared with only a few other herpesviruses. 

In its circular form, the HSV genome forms two iso- 
mers, each containing two L-S component junctions. 
Cleavage of one circular isomeric form at the two junc- 
tions would yield the P and I S l arrangements, whereas 
the corresponding cleavages of the other circular iso- 
mer would yield the I s and I L isomers. Generation of 
the I s and I L arrangements from the first circular iso- 
meric form would require inversion of either the S or 
the L component through the inverted repeat se- 
quences. 

Fundamentally, there are several issues. First, in- 
version of covalently linked components is not a prop- 
erty of all herpesvirus genomes. Second, the physio- 
logic function of the inversions is not clear inasmuch 
as genomes frozen in one orientation as a consequence 
of deletion of internal inverted repeats are viable 
(203,362). However, all wild-type isolates examined to 
date do contain the inverted repeat sequences, and vi- 
ruses lacking internal inverted repeats have a reduced 
capacity for growth in animal tissues. Third, insertion 
of the junction between the L and S components, and 
especially of the 500-base-pair a sequence, results in 
additional inversions of DNA segments contained be- 



tween inverted repeats of a sequences (56,317, 
321,323). Deletion analyses have shown that inver- 
sions are associated with the sequences DR2 and DR4; 
deletion of these sequences results in a gross reduction 
in the inversion frequency (56). Lastly, inversion of 
viral DNA segments flanked by other domains of the 
genome, or inversion between repeated foreign DNA 
sequences, was observed in some instances but not in 
others. In the case of fragments duplicated in different 
components of the HSV DNA, the segment of the ge- 
nome flanked by the inverted repeats does not invert 
(317,368). DNA fragments flanked by inverted repeats 
contained in the same component do invert. In some 
instances, the inversions were accompanied by a high- 
frequency gene conversion (365). Recently, Weber et 
al. (525) reported that inversions of DNA segments 
flanked by inverted Tn5 transposon elements resulted 
from recombination events through homologous se- 
quences and was not the consequence of a recombi- 
national event mediated at a specific c/s-acting site by 
fra/is-acting viral proteins. Thus, inversions of ampli- 
fied DNA sequences flanked by inverted Tn5 se- 
quences at least 600 base pairs or longer were noted 
in cells transfected with the genes specifying the seven 
proteins required for viral DNA synthesis. As in the 
case of amplicons containing two a sequences in an 
inverted orientation (319), inversions were not ob- 
served in the absence of DNA synthesis. Experiments 
with HSV L-S junctions were also done, but only with 
direct repeats of the bac sequence. In this instance, 
the intervening segment was deleted. 

The central issue is not that DNA sequences flanked 
by inverted repeats tend to invert as a consequence of 
homologous recombination, but rather the frequency 
of such inversions. The DNA extracted from a plaque, 
generated by a single virus particle presumed to be in 
one arrangement of DNA, contains all four isomers of 
HSV DNA in equimolar concentrations. In the case 
of DNA segments flanked by inverted repeats of non- 
junction fragments, the fraction of the genomes show- 
ing inversions even after many serial passages is sel- 
dom more than a small fraction of the total. The 
accumulated and predicted evidence that DNA seg- 
ments flanked by inverted repeats in HSV genomes 
can invert does not resolve the mystery of the high- 
frequency inversion of the L and S components rela- 
tive to each other during viral replication. 



Envelopment 

Entry of Viral Proteins into Cellular Membranes 

The hallmark of infected cells late in infection is the 
appearance of reduplicated membranes and thick, con- 
cave or convex patches, particularly in nuclear mem- 
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branes (Fig. 5) (69,111,263,293,321,332,447,464). Nu- 
clear envelopment takes place at these patches. 
Because the enveloped virions do not contain detect- 
able amounts of host membrane proteins, it is likely 
that the patches represent aggregations of viral mem- 
brane proteins, presumably including (a) the viral gly- 
coproteins on the outside surface and (b) anchorage 
and tegument proteins on the inside surface. 

A central, puzzling issue is the mechanism of trans- 
port of viral glycoproteins to the nuclear membranes. 
A no less intriguing question involves the nature of the 
interaction of viral membrane proteins among them- 
selves: Do they form well-defined structures, or do 
they float freely in the lipid bilayer? 

To date, the viral membrane proteins identified in 
HS V-infected cells have been mostly glycosylated sur- 
face proteins. Analyses of the predicted structures of 
proteins based on the nucleotide sequence of open- 
reading frames suggest that the HSV-1 genome may 
specify other proteins that could traverse the lipid, bi- 
layer several times (e.g., the products of open-reading 
frames UL10, UL20, UL43, and UL53) (294). 

Available evidence suggests that the general pattern 
of the biosynthesis of herpesvirus glycoproteins fol- 
lows that of eukaryotic cell glycosylated proteins 
(45,474). Specifically, nonglycosylated precursors of 
herpesvirus membrane proteins are synthesized on 
polyribosomes bound to the rough endoplasmic retic- 
ulum. Glycosylatiori includes translational and post- 
translational events. Thus, JV-glycosylation is initiated 
by transfer of preformed glycans [(glucose) 3 -(man- 
nose) 9 -(Ar-acetylglucosamine) 2 ] from a dolichol phos- 
phate lipid carrier to asparagine residues in the se- 
quence Asn-X-Thr/Ser (X can be almost any amino 
acid) of a nascent polypeptide (238). During transit to 
the Golgi bodies, the oligosaccharide chains are 
trimmed by glucosidases and mannosidases to yield a 
glycan with five mannose and two Af-acetylglucosa- 
mine residues. The high-mannose glycans are fre- 
quently converted by glycosyl transferases located in 
the trans-Golgi to complex glycans that consist of a 
pentasaccharide core [(mannose) 3 -N-acetylglucosa- 
mine) 2 ] and a number of side chains (antennae) with 
the overall composition of sialic acid-galactose-Af- 
acetylglucosamine. Fucose, when present, is usually 
added to the completed side chains (see ref. 238). O- 
linked glycosylation occurs less frequently than N- 
linked glycosylation (45,209,341,474). In some glyco- 
proteins, notably gC of HSV-1 and gG of HSV-2, the 
O-linked oligosacharides are the major components 
(81,457); in other glycoproteins (e.g., gD of HSV-1 and 
HSV-2), however, the N- and O-linked oligosaccharide 
chains are present in roughly equal numbers (455). As 
is the case for many other mammalian glycoproteins 
(see ref. 25), O-linked glycosylation is initiated by the 
transfer of ^/-acetylgalactosamine to the hydroxyl 



group of threonine or serine and is followed by the 
addition of galactose and one or two sialic acids in the 
Golgi apparatus (81,456). 

Current information on the structure of the HSV gly- 
cans has been summarized in detail elsewhere (45,474). 
Thus, all types of glycans (N-linked high-mannose; NT- 
linked complex type; and O-linked) have been reported 
to exist in HSV-1 glycoproteins. HSV-1 glycoproteins 
are characterized by microheterogeneity in the glycans 
they carry, due to differences in the extent of chain 
processing and sialylation. Microheterogeneity has 
been shown even at a single 7V-glycosylation site 
(45,455). The first O-linked sugar, N-acetylgalactosa- 
mine, is added to the glycoproteins that carry N-linked 
oligosaccharides poorly processed by mannosidases, 
prior to their routing to the Golgi (454). Processing of 
HSV glycoproteins is carried out mainly by the host 
glycosylation machinery inasmuch as viral glycopro- 
teins made in cells defective in some glycosylation en- 
zymes reflect the defect (44,456). However, the avail- 
able data do not exclude the possibility that the virus 
specifies one or more enzymes whose functions are 
similar to those of the host. 

Nothing is known regarding the function and re- 
quirements for O-linked glycosylation of herpesvirus 
glycoproteins. Whereas virus particles containing 
high-mannose glycans are infectious, at least the initial 
step in N-linked glycosylation is required for infectiv- 
ity inasmuch as blocking of N-linked glycosylation by 
tunicamycin blocks the accumulation of glycosylated 
proteins and of enveloped virus (352,359,360). Con- 
version of high-mannose glycans into complex-type 
glycans appears to be required for the egress of the 
virus from the infected cell (44,208,239,456). There is 
considerable evidence that after synthesis the viral gly- 
coproteins are transported to the plasma membrane 
and can be found in cytoplasmic membranes of the cell. 
The viral glycoproteins in the cellular membranes are 
the targets of the immune response to the virus. Viral 
glycoproteins specified by genes resident in the envi- 
ronment of the cells mature and are transported faster 
than the proteins specified by genes resident in the 
viral genome and expressed during infection. The dif- 
ference may simply reflect timing and intracellular 
traffic congestion. In cells expressing both a glyco- 
protein gene resident in the cellular genome and the 
corresponding gene resident in the viral genome, the 
former gene is expressed earlier; the glycosylation and 
transport of this protein does not compete with that of 
abundant viral glycoproteins made later from tran- 
scripts of genes resident in the viral genome (10). 

Nothing is known of the mechanism by which viral 
glycoproteins enter nuclear membranes. As noted 
below, it has been suggested that virions enter the 
Golgi apparatus after envelopment. In polarized kid- 
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ney cells, viral glycoproteins are sorted to the baso- 
lateral membrane. 

Several lines of evidence suggest that HSV mem- 
brane proteins form specific complexes. The existence 
of one complex, the Fc receptor formed by gl and gE, 
can be deduced from the observation that monoclonal 
antibody to either precipitates both glycoproteins 
(205). Another observation relates to an aberrant prop- 
erty of some mutants of HSV-1 and HSV-2 which 
cause infected cells to fuse. 

Both HSV-1 and HSV-2 cause infected cells to round 
up and cling to each other. Some viral mutants cause 
cells to fuse into polykaryocytes; this fusion may be 
cell-type-specific or cell-type-independent (105,175, 
434). Polykaryocytosis has been studied for several 
reasons: (a) as a probe in the structure and function of 
cellular membranes, reflected in the "social behavior 
of cells," (b) as a tool for analyses of the function of 
viral membrane proteins, and (c) as a model of the 
initial interaction between HSV and susceptible cells 
that results in the fusion of the viral envelope and the 
plasma membrane (45,407,408,474). Cell fusion in- 
duced by HSV requires full processing of high-man- 
nose glycans to complex glycans up to the addition of 
sialic acid. In this instance it is not clear whether sial- 
ilated glycans must be present (a) only in viral gly- 
coproteins located on the surface of the infected re- 
cruiter cells or (b) in the recruiter cells as well as in 
the uninfected cells to be recruited in polykaryocytes 
(45,474). 

Polykaryocytosis can be viewed as an aberrant man- 
ifestation of the interaction of altered membrane do- 
mains of infected cells and unaltered membranes of 
juxtaposed cells (407,408). Genetic analyses have 
shown that mutations (syn) which confer the capacity 
to fuse cells map in at least four (and possibly more) 
loci within the viral genome (31,89,269,364,366,431, 
439,548). Only one of these loci is within the domain 
of a viral glycoprotein (gB) and has been mapped in 
the carboxyl- terminal, cytoplasmic domain of the pro- 
tein. One interpretation of this observation is as fol- 
lows: The membrane proteins form complexes whose 
structure and conformation become altered by muta- 
tions in any of the component polypeptides, and the 
changes in conformation are similar to those which 
occur in the envelopes of virions interacting with the 
plasma membrane (434). 



Envelopment 

Nuclear DNA-containing capsids attach to patches 
of modified inner lamellae of the nuclear membrane 
and become enveloped in the process. The emphasis 
on 4 'DNA-containing 1 ' capsids is a result of electron- 



microscopic observations which show that envelop- 
ment of empty capsids occurs rarely, although there 
is no evidence that "full" capsids contain a full-length 
molecule of HSV DNA (417). As discussed above, 
Vlazny et al. (513) demonstrated that capsids contain- 
ing fragments of HSV DNA less than standard genome 
length are retained in the nucleus. A plausible expla- 
nation for this phenomenon rests on the observation 
that DNA-containing capsids differ from empty cap- 
sids with respect to protein VP22 (ICP35) (32,34,150). 
Conceivably, capsids become modified during pack- 
aging of the DNA, and only modified capsids are able 
to bind to the underside of the thickened patches con- 
taining viral proteins in the nuclear membranes. 

There is general agreement that the inner lamellae 
are the site of initial envelopment (Fig. 5). However, 
even cursory examinations of thin sections of infected 
cells elicits the rediscovery that envelopment occurs 
in the cytoplasm, since the cytoplasm contains capsids 
juxtaposed to patches of modified cytoplasmic mem- 
branes in the process or envelopment or de-envelop- 
ment. Stackpole (479) is the originator of the idea that 
the capsids become enveloped at the inner lamellae, 
de-enveloped at the outer lamellae, re-enveloped by 
the endoplasmic reticulum, and released in the extra- 
cellular environment either by envelopment at the 
plasma membrane or by fusion of vesicles carrying en- 
veloped virus at the plasma membrane. The large num- 
ber of particles seemingly undergoing cytoplasmic en- 
velopment makes a strong case for this model. 
However, thin sections showing capsids being envel- 
oped at the nuclear membranes are extremely rare, 
suggesting that the process of envelopment is very 
rapid. Since every capsid undergoing putative envel- 
opment in the cytoplasm must have been enveloped 
and de-enveloped in transit through the nuclear mem- 
branes, the disparity in the numbers of capsids being 
enveloped at the nuclear and cytoplasmic membranes 
suggest that either (a) the rate of envelopment at the 
nuclear membranes is significantly faster than that at 
the cytoplasmic membranes or (b) the capsids in jux- 
taposition to cytoplasmic membranes are artifacts and 
represent capsids that are de-enveloped or arrested in 
their movement through membranes. The key question 
of whether the cytoplasmic, semienveloped capsids 
are in fact in the process of being enveloped (rather 
than being arrested, transient structures resulting from 
de-envelopment) remains unanswered. One hypothe- 
sis for the presence of partially enveloped structures 
at cytoplasmic membranes is that virions contained in 
the endoplasmic reticulum attach to receptors and 
reinfect the cell from within, but the capsid is not trans- 
ported to the nuclear pore for lack of cytoskeletal con- 
nections. It is of interest that cytoplasmic semienvel- 
oped capsids are prevalent in continuous cell lines but 
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less prevalent in infected primary human diploid proteins with the potential to interact with membranes 
s - are UL34, UL45, and US9 (294). 



Transit Through Cytoplasm; Egress and Re-entry 

In the cytoplasm, intact enveloped particles are usu- 
ally seen inside structures bounded by membranes 
(85,448). This observation is not unpredicted, inas- 
much as structures bounded by membranes with sur- 
face glycoproteins are not likely to fare well unpro- 
tected in the cytoplasm. In two-dimensional sections, 
these structures appear to be vesicles. These vesicles 
may well represent the vehicles by which virions 
transit through the cytoplasm. In a few electron mi- 
crographs, tubular structures have been seen, and the 
probability exists that in some cells the cisternae of 
the endoplasmic reticulum extend to the plasma mem- 
brane (448). Any model for cytoplasmic transit of vir- 
ions that culminates in egress must take into account 
that (i) all conditions which lead to a block in glyco- 
protein maturation hinder virus egress and induce an 
intracytoplasmic accumulation of enveloped particles 
containing immature glycoproteins (45,239,474), and 
(ii) nuclear membranes appear to contain predomi- 
nantly immature forms of glycoproteins (67). It has 
been suggested that virus egress is achieved by a mech- 
anism akin to reverse phagocytosis, a term which con- 
veys the direction (rather than the mechanics) of the 
motion. Thus, Johnson and Spear (208) proposed, in 
part on the basis of studies done with monensin, that 
virions are secreted via the Golgi apparatus following 
a pathway similar to that taken by secreted soluble 
proteins. 

In cells infected with a mutant virus containing a 
lesion mapping in the S component, but not in cells 
infected with wild-type virus, empty capsids accu- 
mulate in large numbers at the outer surface of the 
nuclear membrane, suggesting the possibility that HSV 
encodes a function to prevent reinfection of cells, par- 
ticularly with virus which had been released from these 
cells (505). This function has been attributed to gly- 
coprotein D (43). 

Membrane Proteins 

In addition to the glycycoproteins listed earlier in the 
text, several other membrane proteins have been pos- 
tulated to exist on the basis of mapping of syn mutants 
described below. Furthermore, analyses of the struc- 
ture of putative proteins predicted to exist on the basis 
of the HSV-1 DNA sequence (294) have identified sev- 
eral proteins whose predicted structures are consistent 
with those of multimembrane spanning proteins. These 
are the proteins predicted to be encoded in the open- 
reading frames UL10, UL20, UL43, and UL53. Other 



REGULATION OF VIRAL GENE EXPRESSION 
Structure of HSV mRNAs 

The properties of viral mRNAs are central to a dis- 
cussion of the regulation of viral gene expression. HSV 
DNA is transcribed by RNA polymerase II (75). Viral 
mRNAs are capped, methylated, and polyadenylated, 
although nonpolyadenylated RNAs of the same se- 
quences can be isolated (13,18,19,467,469,490). Inter- 
nal methylation is readily apparent in RNA made early, 
but not late, in infection (19). Notwithstanding the ef- 
ficient expression of HSV genes in the environment of 
higher eukaryotic cells, only a relatively small pro- 
portion of HSV mRNAs are derived by splicing. Genes 
sharing 5' (or,, particularly, 3') termini have been de- 
scribed (310,515). Attention has also been drawn to (a) 
multiple initiation sites for the transcription of selected 
HSV genes (139,330,459,522,549) and (b) the occa- 
sional RNAs that extend beyond the usual polyaden- 
ylation site (6,178,394). In contrast with the orderly 
transcription of intact cells ^re the random initiations 
experienced by more than one laboratory in nuclear 
run-off transcription assays late in infection (151,528). 
The abundance and stability of the various HSV-1 
mRNAs appear to vary (136,137,467,469). In general, 
mRNAs of a and 3 genes appear more stable than those 
of -y genes (544). Viral mRNAs may persist in the cell 
after their translation ceases (210,241). Although com- 
plementary RNA sequences are readily detected in in- 
fected cells, double-strand RNA does not accumulate 
(197, 242). 

The Environment of the Viral Genes 

The open-reading frames identified to date are 
embedded, for the most part, in domains exhibiting 
both virus/host-common (e.g., TATAA boxes) and 
virus-specific 5' sequences. The absence of TATAA 
boxes from some transcriptional units has been noted 
(see, e.g., ref. 57). 

Studies on the structure of HSV genes have focused 
on two specific objectives. The first objective involved 
(a) the minimal promoter domain and (b) the cw-acting 
sites required for gene expression. The second objec- 
tive was to identify the as-acting sites that confer upon 
the target gene the capacity to be regulated as an au- 
thentic viral gene. Only a few HSV genes have been 
analyzed in sufficient detail to reveal and identify the 
exacting signals embedded in them. The most thor- 
oughly studied, and the one that has generated the 
most conflicting results, is the tk gene. Also worthy of 
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discussion are the a4 gene (Fig. 9) and, to a much lesser 
extent, two representative y 2 genes, although the level 
of controversy is not nearly as high. 

In the a4 gene, the 5' nontranscribed domain ex- 
tending upstream from the cap site to nucleotide — 1 10 
is capable of imparting to a reporter gene the capacity 
to be transcribed efficiently in the absence of viral 
fr<2/w-activating factors (279,280,367). Other than the 
transcription initiation site, the c/s-acting sites that af- 
fect expression have not been investigated in detail. 
The sequences upstream from nucleotide — 110 confer 
on a and p promoters a higher basal level of expression 
as well as the capacity to be induced as a genes by 
viral /raws-activating factors (245). The higher level of 
expression conferred by the sequences upstream from 
nucleotide — 110 is very likely due to the SP1 -binding 
sites embedded in G + C-rich inverted repeats which 
abound in that region (214,215,245,278-280). At least 
one sequence that confers inducibility as an a gene is 
the cry-acting site for aTIF [5' NC GyATGn- 
TAATGArATTCyTTGnGGG 3' (245,279)]. Separa- 
tion of promoter and regulatory domains has been 
noted in other a genes. Although G + C-rich stretches 
are frequent, SP1 -binding sites have not been reported 
in other a genes (Fig. 9). 

ICP4-binding sites have been reported in the pro- 
moter-regulatory domain and across the transcription 
initiation site of the ct4 gene, as well as in the promoter 
domain of the ctO gene, but not in the other a genes 
(120,246,247,328). 

The initial analyses of the tk gene rested on the er- 



roneous notion that it exemplified the structure of a 
typical eukaryotic gene. Only recently has there been 
an effort to understand its structure as a viral, p gene. 
Several features are of particular interest. The tk gene 
appears to have two transcription initiation sites, and 
mRNAs derived from both sites have been reported 
(98,375,549). The role of these sites in the expression 
of the gene in lytic infection is not clear. The 5' non- 
transcribed region has been very thoroughly investi- 
gated by McKnight and co-workers (104,305-309) and 
by Silverstein and co-workers (108,109,142). The ini- 
tial studies identified a 110-nucleotide region upstream 
from the site of initiation of transcription that was min- 
imally required for efficient expression in the absence 
of viral fra/ty-activating factors. This promoter con- 
tains a "proximal" c/s-acting site and two "distal" 
sites, all of which are important for constitutive 
expression of the tk gene and probably function as 
punctuation sites and sites for binding of RN A polym- 
erase and accessory factors (549). In subsequent stud- 
ies a CCAAT box, two SPl-binding sites (214), and an 
octamer motif (ATTGCAT) upstream of -116 were 
also identified (350). Mutations in all of these sites af- 
fect expression of the uninduced gene. However, at- 
tempts to define a c/5-acting site that is virus-specific 
have not been successful. The protocol employed in- 
volved studies of linker scanning mutations. Inasmuch 
as the authors failed to identify mutations which af- 
fected /ra/zs-activation but not expression in the ab- 
sence of viral f raws-activating factors, they concluded 
that the viral factors which frans-activate viral p gene 




FIG. 9. Schematic representation of the 
structure of the 5' nontranscribed domain of 
the a4 gene. An asterisk marks every 10th nu- 
cleotide. The transcription initiates at nucleo- 
tide + 1 . The shaded areas represent the bind- 
ing sites of TATAA protein, SP1 and ICP4, and 
the host protein-aTIF complex. The sequence 
is shown in a folded form to emphasize the 
presence of the perfect G+C-rich inverted re- 
peats that abound in this domain of the gene. 
In some instances, the G + C-rich regions can 
form alternate stem structures; these are 
identified by the dashes. (Data were taken 
from ref. 280.) 
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expression act on a host factor and not directly on 
DNA. 

More recent studies have focused on the interaction 
of ICP4 with domains of the tk gene and on mutations 
downstream from the tk cap site. Notwithstanding ear- 
lier reports that ICP4 does not bind to the tk gene di- 
rectly (97,403), the following facts are evident: The 
ICP4 does indeed bind to several domains of the gene 
both upstream and downstream from the cap site, and 
the binding sites include both (a) sequences similar to 
the consensus binding site reported by Faber and Wil- 
cox (119) and (b) highly degenerate sites with little re- 
semblance to the consensus (e.g., see ref 316). Of par- 
ticular interest are (a) the ICP4-binding sites in the 
transcribed noncoding domains and (b) the role of the 
transcribed noncoding sequences with respect to the 
regulation of tk as a 0 gene, as discussed below. 

The structure of the 7 genes, and particularly of the 
72 genes, is the least well understood and is likely to 
be highly variable. Analyses of three genes — glyco- 
protein C, UL49, and US11 — suggest that the se- 
quences required for efficient expression include the 
TATAA box and extend into the 5 f transcribed non- 
coding domain (73,98,118,180,181,211-213,289,290, 
458,466). The sequences required for the 72 regulation 
of these genes appear to also include sequences down- 
stream from the TATAA box. Embedded in tran- 
scribed domains, as well as in the 5' non transcribed 
sequences, are ICP4-binding sites whose functions are 
not yet known (316). 

Regulation of HSV Gene Expression: trans- Acting 
Factors 

Given the complexity of herpesvirus multiplication, 
the reproducibility of the general pattern of virus mul- 
tiplication long ago suggested that the events must be 
tightly regulated (413). Regulation of HS V gene 
expression has become a major focus of research, and 
the mechanism by which the virus regulates its repli- 
cation remains an exciting area of investigation. 

Turning on HSV genes involves several elements: 
(a) cw-acting sites for both viral trans-acting factors 
and cellular transcriptional proteins, (b) trans-acting 
signal proteins specified by the virus, and (c) both viral 
and cellular factors involved in viral DNA synthesis 
and in posttranslationai modification of viral proteins. 
It is convenient to review the features of the cascade 
regulation of gene expression illustrated in Fig. 4 and 
described above by considering the trans-acting fac- 
tors and their cis-acting sites. 

«-7>ans-Induction Factor (aTIF) 

a genes are induced by a structural protein of the 
virus, aTIF. The c/s-acting site (245,280) 

5' NC GyATGnTAATGArATTCyTTGnGGG 3' 



binds a host protein (248,249) designated variously as 
OTF-1, NFIII, or aHl (248,249,342). aTIF is packaged 
in 500-1 ,000 copies per viral particle (170). It does not 
interact with the viral DNA directly; rather, it binds 
to the complex formed by the host protein and the ex- 
acting site on viral DNA (145,303,336,374,507). The 
trans-activating function of the protein maps near its 
carboxyl terminus (438,506); its association with the 
DNA either as a chimeric DNA-binding protein or 
through aHl/OTF-l/NFIII, etc., is required for 
trans-activation. A characteristic of aTIF is that it is 
packaged in the virion tegument, and upon release of 
the intravirionic contents in the newly infected cell it 
is translocated to the nucleus independently of the viral 
DNA; that is, at nonpermissive temperature the mu- 
tant HSV-1(HFEM)^B7 /ro«5-activates a-regulateti 
genes even though the viral DNA is not released from 
capsids (21). 

The induction of a genes by aTIF presents numerous 
unresolved puzzles. Foremost, there is no explanation 
for the failure of the a genes to be expressed late in 
infection in light of the massive amounts of aTIF ac- 
cumulating in the infected cells at that time. Exhaus- 
tion of functional host protein is a possibility, but the 
presence of OTFl/NFIII/aHl capable of binding to 
DNA can be readily demonstrated in infected cells late 
in infection. 

The second puzzle stems from the observation that 
the footprint of the host protein required for aTIF bind- 
ing is in tlje sequence ATGnTAAT. The 5' domain of 
this sequence is the least conserved domain of the ex- 
acting site, whereas the sequence TAATGArAT is 
highly conserved (280), suggesting either that aTIF 
makes contact-with the DNA in the GArAT sequence 
or that another DNA-binding protein is also involved. 



ICPO 

The product of the a0 gene is predicted to be 80,000 
in apparent molecular weight, but in denaturing poly- 
acrylamide gels it migrates with an apparent molecular 
weight of 110,000-124,000, depending on the type of 
cross-linking agent used and on the acrylamide con- 
centration. a0~ mutants are viable in ceil culture, and 
ts mutants have not been reported (437,489). In tran- 
sient expression systems, ICPO has been reported to 
promiscuously fra/is-activate transfected genes by it- 
self or in combination with ICP4 (114,117,142- 
144,337-339,358,391,440). Of the various experimen- 
tal designs, the most convincing are those in which the 
frans-activation of target genes was done in conjunc- 
tion with ICP4. The function of ICPO in infected cells 
is not known and is not readily apparent. The transient 
expression studies suggest that it may act as a trans- 
activator of the a4 gene. No cis-acting site is readily 
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apparent. Deletion mutants in the aO gene grow in cell 
culture, albeit more sluggishly than the wild-type virus, 
particularly at low multiplicities of infection (437,489). 



ICP4 

This protein is predicted to be 132,835 in translated 
molecular weight (294). Most fresh HSV-1 isolates 
show ts olA activity, and 37°C/39°C ratios of plating 
efficiencies as high as 10 6 have been recorded [e.g., 
HSV-l(F)]. If 'is then perhaps not surprising that ts 
mutants in the a4 gene have been readily isolated by 
a number of laboratories (371,372,521). ICP4 forms 
three bands (designated as 4a, 4b, and 4c) in denaturing 
poly aery lamide gels (357). In cells infected with wild- 
type virus, the fastest migrating band (band 4a) has an 
apparent molecular weight of 160,000 and is readily 
detected in the cytoplasm after pulse-labeling with ra- 
dioactive precursors (183,184,357,539). It is also the 
only form accumulating in cells infected with certain 
a4 ts mutants and incubated at nonpermissive tem- 
peratures (233). Bands 4b and 4c have apparent mo- 
lecular weights of 163,000 and 170,000, respectively, 
and accumulate in the nucleus <357,539). The accu- 
mulation of the slower migrating bands coincides with 
(a) translocation of the protein into the nucleus and (b) 
labeling with inorganic 32 P phosphate added to the me- 
dium (124,357). ICP4a and ICP4c can be pulse-labeled 
with 32 P during the reproductive cycle long after the 
synthesis of this protein ceases, suggesting that phos- 
phate cycles during infection (539). Preston and No- 
tarianni (376) reported that a4 accepts ADP ribosyla- 
tion in isolated nuclei; more recent studies (J. Blaho, 
N. Michael, and B. Roizman, manuscript in prepa- 
ration) indicate that ICP4 is poly(ADP)-ribosylated. 
ADP ribosylation could account for the labeling of 
ICP4 by inorganic phosphate from the medium (357), 
but phosphate also cycles on and off ICP22 and ICP27 
(539); whereas, ICP4 appears to be the only a protein 
to be poly(ADP)-ribosylated. 

ICP4 is the major fna/w-activator of HSV genes. 
Long a subject of study, it has generated a rich, pas- 
sionate (and sometimes confusing) literature. a4" mu- 
tants grow only in cells expressing ICP4 proteins from 
a copy of the a4 gene embedded in the cellular genome. 
Fine anatomical dissection of the gene has outlined 
domains necessary for autoregulation of a genes, for 
the synthesis of proteins made later in infection, for 
phosphorylation, and for nuclear transport (95- 
97,189,351 ,471), It is convenient to consider the effects 
of ICP4 on a, p, and 7 genes separately. 

In the case of ts a4 mutants, both copies of the gene 
are mutated, as would be expected for the expression 
of the ts phenotype (233). The phenotypes of these 
mutants vary. At the nonpermissive temperature, 



some mutants express both a proteins and selected sets 
of proteins normally made later in infection (93). A 
most interesting group of ts mutants in the a4 gene 
overproduce a proteins at the nonpermissive temper- 
ature (93, 521). There is convincing evidence that ICP4 
turns off its own synthesis and that this autoregulation 
correlates with the binding of the protein to a c/s-acting 
site across the transcription initiation site of the gene 
(97,328,403). Comparisons of the a RNAs accumulat- 
ing in cells infected and maintained at permissive and 
nonpermissive temperatures indicate that the a genes 
subjected to repression are primarily a4 and a0 (J. Hu- 
benthal-Voss and B. Roizman, unpublished studies). 
These genes are the only ones in which a high-affinity 
ICP4-binding site corresponding to the consensus se- 
quence ATCGTCnnnnCnGnn have been reported 
(246,247,328). As noted above, in the case of the a4 
gene, the binding site ATCGTCcacaCgGag is across 
the cap site (328). In the case of the a0 gene, the bind- 
ing site ATCGTCactgCcGcc is at position -64 to -49 
(247). The correlation between binding activity of ICP4 
to DNA and shut-off of a4 transcription, if confirmed 
in the case of a0 as well, would suggest that ICP4 can 
turn off transcription even when the binding site is up- 
stream of the transcription initiation site. 

The frans-activation of p genes has been discussed 
above. ICP4-dependent activation of transcription of 
a p gene embedded in the viral genome occurs from a 
very much lower level of basal expression than that 
seen from an isolated gene introduced into the same 
cells. After fna/is-activation, the level of tk gene 
expression is higher than that attained in cells trans- 
fected with the isolated tk gene. ICP4 DNA-binding 
sites in the domain of the tk gene both upstream of the 
cap site and downstream from nucleotide +50 have 
been demonstrated by several groups (246; Mavro- 
mara-Nazos and Roizman, unpublished studies; S. Sil- 
verstein, personal communication) but not by others 
(403). Studies by Halpern and Smiley (163) and by 
Mavromara-Nazos and Roizman (290) have failed to 
demonstrate a significant role of the binding to sites 
downstream of nucleotide +51. 

It would seem to us that /ra/is-activation of p genes 
involves two functions: (i) release from a repressive 
state and (ii) franj-activation. Since neither of these 
occurs at the nonpermissive temperature in cells in- 
fected with ts mutants in the &4 gene, then at least one, 
the initial event, depends on ICP4. To aficionados of 
transient expression it is worthwhile to point out that 
in cells transfected and selected for tk activity, the ratio 
of induced to basal TK activity after frans-activation 
with virus is considerably lower than that obtained in 
cells which are (a) transfected with a plasmid contain- 
ing TK and another marker and (b) selected for the 
other, covalently linked marker (245). We interpret this 
to indicate the following: For a constant ratio of tk 
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genes per cell, the fraction of derepressed tk genes is 
higher in the cells selected for TK activity, but a4 de- 
represses tk genes in both systems. Inasmuch as bind- 
ing of ICP4 to DNA correlates with repression irres- 
pective of the position of the binding site, it may be 
useful to entertain the possibility that derepression 
may involve modification of a host protein rather than 
binding to DNA per se. 

Earlier in the text we noted that as in the case of the 
$~tk gene, the 7 genes are expressed and regulated dif- 
ferently in the context of the environment of the viral 
genome than in that of the cellular genome. The as- 
sessment of the role of ICP4 in the /rans-activation of 
7 genes is complicated by several additional factors. 
Foremost, 7 genes and especially y 2 expression require 
viral DNA synthesis as a c/s-acting function (289). Sec- 
ond, although it has been reported that the cap site and 
TATA box of the gene encoding US 11 is all that is 
required for "fully efficient regulated activity" (211), 
the regulatory domains of at least two y 2 genes appear 
to be downstream from the TATAA box and very likely 
include the 5' transcribed noncoding domains (290). 
These domains contain ICP4-binding sites (316; P. 
Mavromara-Nazos and B. Roizman, unpublished stud- 
ies). A possible role of a27 has also been noted, as 
described below. 

Recently, two observations suggested a possible 
scenario for viral gene regulation: First, a chimeric 
gene consisting of 5' nontranscribed domains of the p- 
tk gene and the 5' transcribed noncoding domains of 
a 72 gene was expressed both early and late in infection 
(recombinant R3820), while a chimeric gene consisting 
of 72 5' nontranscribed sequences and $-tk 5' tran- 
scribed noncoding domains was barely expressed (re- 
combinant R3821) (290). In addition, Arsenakis et al. 
(9) reported that the gD gene contained in a large HS V- 
1 DNA fragment was expressed in baby hamster kid- 
ney cells lacking the a4 gene but was not expressed in 
cells expressing significant amounts of ICP4 protein. 
One hypothesis (289) of at least heuristic value is that 
(i) the frtfrtj-activation of 72 genes requires removal, 
during DNA synthesis, of a transcription blocking fac- 
tor and also requires franj-activation of transcription 
by another factor, (ii) the transcription blocking factor 
is effective only for transcriptional rra«5-activators op- 
erating downstream from the block and does not affect 
transcriptional activators acting upstream from the 
block, and (iii) the cw-acting sites for both the blocking 
factor and the transcriptional factor are in the 5' tran- 
scribed noncoding domains. This hypothesis is con- 
sistent with the observations that (i) 5' transcribed non- 
coding domains contain the cij-acting sites necessary 
for 72 gene expression, (ii) genes whose 5' domains 
consist of the tk 5' nontranscribed domains fused to 
the 72 5 ' transcribed noncoding domains are regulated 
as both p and 72 genes, and (iii) in cells infected with 



a27~ mutants, viral DNA is made but 72 genes are not 
expressed (i.,e. DNA synthesis alone is not enough to 
activate 72 gene expression). Does ICP4 block tran- 
scription, fr<ms-activate it, or both? The evidence that, 
in cell-free systems, ICP4 increased the transcription 
of gD [a 7j gene (499)] is not in itself impressive, since 
(i) the ICP4-binding site tested was upstream from the 
reported minimal sequence required by gD to be reg- 
ulated as a 7j gene [nucleotide -55; (113,115)], (ii) in 
transient expression systems, for what it is worth, late 
72 gene expression was activated at low concentrations 
of the ICP4 gene but not by high concentrations of the 
gene, and (iii) the amount of ICP4 used in that study 
was arbitrary, without relevance to either known pos- 
itive or negative /rans-activation. 

The hypothesis that ICP4 does not act directly on 
the DNA cannot be dismissed out of hand. Much has 
been made of the observation that a4 and the equiv- 
alent gene product of pseudorabies virus induce not 
only herpesvirus genes but also adenovirus and cellular 
genes (e.g., p-globin) introduced into cells by trans- 
fection (26,121,161). More recent studies have shown 
that the fr*ms-activation of adenovirus late gene 
expression by the ICP4 equivalent of pseudorabies 
virus is through enhanced formation of transcription 
initiation complexes (1). While very revealing of a 
biased experimental design (the experimental design 
assumed a priori that the herpesvirus major regulatory 
protein fra/w-activates in a nonspecific fashion, since 
it is hardly likely that herpesvirus rra /ij-activating pro- 
teins evolved to fna/zs-activate adenovirus genes), 
these studies in fact do not contradict the evidence that 
ICP4 acts directly by binding to specific sites on the 
DNA. ICP4 appears to be a multifunctional protein. It 
could very well be that ICP4 and its homologues derive 
from a cellular transcriptional factor. Foremost, how- 
ever, ICP4 has a dual function as a repressor and as 
a /raws-activator; the function of the protein may well 
be determined by the position of its binding site, the 
strength of its binding to the DNA, and the nature of 
the posttranslational modification to which it has been 
subjected (316). 



Other Factors Implicated in trans-Activation of Viral 
Genes 

ICP8, ICP22, and ICP27 have been implicated in 
gene regulation. 

The molecular properties of ICP8 were described 
earlier in the text. Most (but not all) of the effects of 
ICP8 — namely, enablement of late gene expression 
and the effect of mutants on the expression of early 
genes — could be rationalized from its role in late DNA 
synthesis, but only because its role in DNA synthesis 
is known. To explain the shut-off of expression of viral 
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genes, it is necessary to postulate occlusion of tran- 
scription by overreactive ICP8 (151-153). 

The predicted translated and apparent molecular 
weights of ICP22 are 46,521 and 72,000, respectively 
(183,184,294). Studies on a deletion mutant (368) in- 
dicate that the a22 gene is required in some cell lines 
but not in HEp-2 or Vero cells, presumably because 
the latter two cell lines express functions similar to that 
of a22 (450). In the nonpermissive cells (rodent cell 
lines and human cell strains), viral DNA is made, but 
late (72) genes are not expressed efficiently. 

The predicted apparent molecular weights of ICP27 
are 55,249 and 58,000, respectively (183,184,294). Both 
ts and deletion mutants in the a27 gene have been re- 
ported (291,436). Notwithstanding a report to the con- 
trary (281), the gene appears to be essential; cells in- 
fected with deletion mutants synthesize viral DNA, but 
late (72) genes are not expressed (291; D. Knipe, per- 
sonal communication). The phenotype of a27~ viruses 
resembles that of mutants in the p8 gene (i.e., reduced 
synthesis of viral DNA, absence or reduced synthesis 
of 7 proteins, and increased synthesis of p proteins). 
In transient expression systems, ICP27 has both pos- 
itive and negative effects (116,376a,396,453,491a). 



Posttranscriptional Regulation 

The evidence for posttranscriptional controls is 
based on reports that translocation of viral transcripts 
into the cytoplasm appears to be regulated 
(216,218,241). Specifically, the genetic complexity of 
the RNA accumulating in the nuclei of cells infected 
with HS V in the presence of cycloheximide and main- 
tained in medium containing the drug was greater than 
that observed in the cytoplasm. In retrospect, the in- 
terpretation of the data is not clear. The failure to dem- 
onstrate RNA complementary to 0 genes (e.g., tk) in 
nuclei of infected cells treated with cycloheximide 
(266) suggests that the transcripts accumulating in the 
nuclei might be random transcripts of the DNA rather 
than transcripts of specific genes belonging to the 3 
and 7 groups. 

The evidence for translational regulation is based on 
several observations. Specifically, the inhibition of 
host protein synthesis by structural components of the 
virion soon after infection (125,333,395) and the inhi- 
bition of a gene product synthesis by subsequent gene 
expression (124,184) are translational events inasmuch 
as they occur in physically and chemically enucleated 
cells. A significant finding to emerge from the studies 
by Kwong and Frenkel (252) and Oroskar and Read 
(344) is that virion structural components exert an in- 
hibitory effect on both host and a protein synthesis, 
inasmuch as mutants defective in the virion host shut- 
off function produce more a gene products than do 



their wild-type parents. It has been suggested that 
mRNAs of genes turned off in the transition from a to 
P to 7 gene expression remain associated with poly- 
ribosomes. Studies by Johnson and Spear (210) re- 
ported the continued cytoplasmic accumulation of 
functional mRNA specifying glycoprotein D, a 71 poly- 
peptide, after gD synthesis had declined. 

HSV Gene Regulation: The Problems in Experimental 
Designs 

In the preceding section we reported the conclusions 
that are supported by evidence. Examination of the 
literature of the past several years has disclosed three 
problems. Central to the evaluation of the available 
data are three highly significant, inescapable (and un- 
fortunately inflammatory) issues. 

The first is the evaluation of the methodology on 
which much of the data rests. The gold standard for 
the studies of viral gene regulation is the pattern of 
expression in productive infection of natural or re- 
porter genes contained in the viral genome. Tests of 
modified trans- or exacting domains of individual 
genes are easier to perform and may, in some cases, 
be more meaningful if they can be done in the envi- 
ronment of the cell and in the presence of only a min- 
imal amount of viral genetic information. However, the 
validity of such tests hinges on the extent to which 
they reproduce the regulation of the gene embedded 
in the viral genome and expressed in the course of viral 
infection. The expression of isolated a genes, in bio- 
chemically transformed cells or in transient expression 
systems, appears to mimic, to some extent, the reg- 
ulation of the corresponding genes contained in viral 
genomes during productive infections (367). Notwith- 
standing the massive number of transfections which 
argue that ICPO is a promiscuous frans-activator, sup- 
porting evidence from studies on deletion mutants in 
the a0 gene is not readily available. The transfection 
system apparently fails if more than two components 
of the regulatory pathway are introduced into the cell 
simultaneously — for example, the cotransfection of 
aTIF, a4, and the intended target gene of a4 (403). In 
the case of 72 genes, the transient expression system 
yields totally false results: Viral genes permanently in- 
tegrated in cellular genomes or transiently expressed 
after transfection are regulated as p genes (10,28,466). 
The transfection system has given rise to a veritable 
cottage industry, but the results it has generated are 
not totally reliable. What is the evidence that viral 
genes other than those carrying the a-cis-acting sites 
can be regulated in that system in a mode which re- 
sembles viral gene regulation? If 72 genes are regulated 
as P genes, then what is the evidence that p genes in 
transfected cells are regulated as bonafide p genes? 
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The second issue centers on distinctions between 
experimental objectives and experimental design. It is 
intuitive that experimental designs should discriminate 
between alternative hypotheses and be able to predict 
a specific outcome that would unambiguously reject 
untenable alternatives. However, consider the follow- 
ing situation. As noted earlier in the text, the tk gene 
has been extensively used in transient expression sys- 
tems for analyses of its c/s-acting domains, and the 
gene is readily expressed in such systems. This is not 
the case for the tk gene contained in the viral genome 
and introduced into cells by infection. In this instance, 
in the absence of competent a proteins, the tk gene is 
not expressed. In the past several years a score of lab- 
oratories have introduced mutations into the viral ge- 
nome in an attempt to define the exacting site for 
/ranj-activation of the tk gene by ICP4; not once has 
it been stated a priori what should be the phenotype 
of a tk gene whose ICP4 cry-acting site has been in- 
activated without also reducing the ability of the un- 
induced gene to be expressed! The unstated assump- 
tion is as follows: The ICP4 as-acting site is distinct 
from that of the essential promoter sites, and in the 
absence of the exacting site for induction by ICP4 the 
tk gene would be expressed, -albeit poorly. But how 
can this be true if in the absence of ICP4 the inherent 
capacity of the tk gene to be expressed is blocked? If 
viral proteins inhibit expression that is unblocked by 
ICP4, the only expected effect of mutations is full tk 
expression except when c/s-acting sites required by the 
uninduced promoter are inactivated. 

An additional point that seems to be ignored is that 
the tk gene is a late 0 gene; that is, its expression con- 
curs with, rather than precedes, DNA synthesis as 
compared with ICP6 (the major component of ribon- 
ucleotide reductase) or ICP8 (the single-strand DNA- 
binding protein), which are abundantly expressed early 
in infection. In cells infected with wild-type virus, the 
expression of the tk gene is dependent solely on the 
parental genome, and progeny DNA does not appear 
to contribute significantly to the TK pool. Quite to the 
contrary, because the expression of p genes is reduced 
late in infection, inhibition of DNA synthesis enables 
larger amounts of TK to accumulate in the infected 
cells. 

It would appear that the existing data do support the 
hypothesis that ICP4 rranj-activates the tk gene by 
augmenting the effect of a host transcriptional factor, 
and therefore its exacting site is that of the host factor. 
However, the data also support the hypothesis that 
ICP4 merely releases the tk gene from a repressed 
state. In fact, experimental designs employed to date 
may also support additional hypotheses. 

The last issue concerns the definition of the elements 
that play a role in the regulation of gene expression. 
In principle, we need to differentiate between two ele- 



ments: (i) proteins whose function is to rraAis-activate 
one or more viral genes by acting on specific as-acting 
sites and (ii) viral proteins which affect viral gene 
expression by a global action on the viral genome. 
aTIF and ICP4 are examples of bonafide regulatory 
proteins acting in trans on specific c/j-acting sites. 
Clear examples of proteins which alter regulation by 
global effects on viral genomes are the single-strand 
DNA-binding protein and DNA polymerase. Malfunc- 
tion of either protein (e.g., DNA~ ts mutants at the 
nonpermissive temperature) would block the appear- 
ance of y 2 proteins. In the case of the single-strand 
DNA-binding protein and the polymerase, the global 
effects can be readily substantiated by showing that 
they are part of the minimal set of genes required for 
amplification of viral DNA through its origin of DNA 
synthesis. We should note, however, that ICP8 has 
been implicated in many more regulatory events than 
can be ascribed to DNA synthesis. These effects could 
be due to nonspecific occlusion of transcription by ov- 
eractive binding of ICP8 to single-strand DNA. The 
less clear situation concerns genes whose functions are 
not known and which affect viral gene expression. 
They may be bonafide regulatory proteins which affect 
transcription by acting on specific sites at or near the 
genes they /nz/zs-activate, or they may act globally in 
a manner which cannot be tested currently. The cases 
in point are the functions of the genes a27 and a22. 
Neither protein has been unambiguously shown to bind 
to viral DNA. Deletion mutants have shown that both 
genes affect late gene expression, selectively in some 
cells in the case of a22" and in all cells tested in the 
case of ot27" viruses. Are they site-specific trans-ac- 
tivators, or are they proteins with global effects on the 
structure of the viral genome? 

THE FATE OF THE INFECTED CELL 

Cells productively infected with herpesviruses do 
not survive. Almost from the beginning of the repro- 
ductive cycle the infected cells undergo major struc- 
tural and biochemical alterations that ultimately result 
in their destruction. 

Structural Alterations 

Changes in Host Chromatin 

As described in detail elsewhere (410,417) and 
shown in Fig. 10, one of the earliest manifestations of 
productive infection is in the nucleolus; it becomes 
enlarged, becomes displaced toward the nuclear mem- 
brane, and ultimately disaggregates or fragments. Con- 
currently, host chromosomes become marginated, and 
later in infection the nucleus becomes distorted and 
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FIG. 10. Electron photomicrographs of thin-section autoradiography of HEp-2 cells infected with 
herpes simplex virus. A: A 4-hr-infected cell pulse-labeled for 15 min w.th [ 3 H]methyl thym.d ne 
prior to fixation. B and C: Enlargements of nuclei prepared as in part A. Note the ^aggregated 
nucleolus D: Portions of three nuclei of 18-hr-infected cells labeled w.th [ 3 HJmethyl thyrrudme 
prior to infection. Unlabeled thymidine was present in the medium during and after infection. E 
and F: Electron micrographs of nuclei taken at higher magnifications^Note the agg ^gat.on of 
chromatin at the nuclear membrane. One of the cells in parts D and F d.d not synthesize DNA 
durinq the short labeling pulse. Abbreviations: n, nucleus; c, cytoplasm; v, aggregation of virus- 
specmc [ electron-opaque material. (From ref. 410 and from J. Schwartz and B. Ro.zman, un- 
published photomicrographs.) 



multilobed. The numerous protrusions and distortions 
have previously been mistaken for amitotic division 
(219,449). Marginatum of the chromosomes may or 
may not be linked with the chromosome breakage re- 
ported by numerous investigators (for review, see ref. 
417). 



Virus-Induced Alteration of Cellular Membranes 

Changes in the appearance of cellular membranes 
(and, in particular, of nuclear membranes) are char- 
acteristic of cells late in infection. Deposition of ma- 
terial (tegument proteins?) on the inner surface facing 
the nucleoplasm or cytoplasm, but not in the space 
between inner and outer lamellae or cisternae of the 
endoplasmic reticulum, results in the formation of 
thickened patches along the membranes. Ultimately, 
the patches in the nuclear membrane coalesce and fold 



upon themselves to give the impression of reduplicated 
membranes (Fig. 5) (69,263,293,321,332,447,464)., 

The first inkling that herpesviruses modify cellular 
membranes was based on the observations that mu- 
tants differ from wild-type strains with respect to their 
effects on cells: Whereas wild-type viruses usually 
cause cells to round up and clump together, mutants 
may cause ceils to fuse into polykaryocytes 
(105,407,408). These observations led to the prediction 
that herpesviruses_alter the structure and antigenicity 
of cellular membranes — a prediction fulfilled by (a) the 
demonstration of altered structure and antigenic spec- 
ificity (402,425) and (b) the presence of viral glyco- 
proteins in the cytoplasmic and plasma membranes of 
infected cells (171,423,424,476). 

The presence of gD in the plasma membrane of in- 
fected cells seems justifiable in light of the evidence 
cited earlier in the text, that gD precludes reinfection 
of cells with the progeny virus released from that cell. 
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gE and gl act as an Fc receptor (22,205,345,346). The 
function of the Fc receptor is not known. Several re- 
ports (60,138,452,470) indicate that gC binds the third 
component of complement, possibly in order to re- 
duce the availability of the component for the immune 
lysis of the infected cell. Our knowledge regarding the 
processing, metabolism, and function of viral glyco- 
proteins is not sufficient to deduce the reason for the 
presence of viral glycoproteins on the surface of the 
infected cell. The reason could be chance (a reflection 
of the natural flow of membrane-bound proteins) or 
design (the evolution of a pathway for cell-to-cell trans- 
mission of virus shielded from neutralizing antibody). 
Irrespective of the reason, the infected cell presents 
an altered antigenic specificity and becomes a target 
for destruction by the immune system. 

The mutations (syn) which change the nature of the 
interaction of plasma membranes and affect the 4 'social 
behavior of infected cells" have been mapped to sev- 
eral genetically unrelated locations on the HSV ge- 
nome. Only one of these locations appears to map 
within the domain of a glycoprotein (gB) (282,434). 
Two other syn loci map within the UL24 and UL53 
open-reading frames (89,196,364,366,434). A fourth 
locus has been mapped at the left terminus of the L 
component (UL1?) (269). All three predicted proteins 
contain hydrophobic regions suggestive of membrane 
proteins (294). This multiplicity of genes which affect 
cell fusion suggests that viral membrane proteins form 
interactive complexes and that alteration of any one 
component may alter the structure and function of the 
entire complex (434). 



Host Macromolecular Metabolism 

A characteristic of herpesvirus-infected cells is the 
rapid shut-off of host macromolecular metabolism 
early in infection. Thus, host DNA synthesis is shut 
off (Fig. 10) (421), host protein synthesis declines very 
rapidly, (252,395,414,494,495), host ribosomal RNA 
synthesis is reduced (518), and glycosylation of host 
proteins ceases (476). 

HSV host shut-off occurs in two stages. The first 
stage, documented initially by Fenwick and Walker 
(125) and by Nishioka and Silverstein (333-335), in- 
volves structural proteins of the virus and does' not 
require de novo protein synthesis. Thus, HSV shuts 
off host protein synthesis in physically or chemically 
enucleated cells (124); the shut-off was effected by 
density-gradient-purified virus but not by purified 
virus inactivated by heating or neutralization with an- 
tibody. The shut-off is faster and more effective in 
HSV-2-infected cells than in HSV- 1 -infected cells; this 
observation permitted the initial mapping of the genetic 
locus that confers upon HSV-1 x HSV-2 recombi- 
nants the accelerated shut-off characteristic of HSV- 



2 (122). More recently, isolation of vhs (virion host 
shut-off) mutants which fail to shut off host polypep- 
tide synthesis in HSV-infected cells (395) has dem- 
onstrated more conclusively that this function is due 
to a virion protein (252,395). 

The second stage, documented by Honess and Roiz 
man (184,185), Fenwick and Roizman (124), Nishioka 
and Silverstein (334,335), and Silverstein and Engel- 
hardt (468), requires de novo synthesis of proteins after 
infection. The shut-off coincides with the onset of syn- 
thesis of p proteins, but the experimental results do 
not exclude the possibility that the shut-off is caused 
by 7, rather than 0, gene products. 

Viral Genes Affecting Host Shut-Off 

Structure and Expression of the vhs Gene 

A rapid shut-off function was initially mapped to 
0.52-0.59 (122). Isolation of a mutant defective in vhs 
function (395) allowed further mapping of the gene re- 
sponsible. Mapping studies (253) have identified se- 
quences from 0.604 to 0.606 on the viral genome as 
being responsible for the vhs~ phenotype of the mu- 
tants. The open-reading frame in this region has been 
designated UL41, and it encodes a protein with an ap- 
parent molecular weight of 58,000 and a predicted mo- 
lecular weight of 54,914 (294). A single mRNA has 
been shown to cross the minimal region shown to con- 
tain the mutations, 1.6 Kb in length with no introns 
(139). The RNA is expressed as a 7j gene. 

Function of the vhs Gene Product 

Early studies showed that virion components were 
responsible for destabilization and degradation of host 
mRNA (125). Further studies have shown that the vir- 
ion component required for both mRNA destabiliza- 
tion and degradation is the vhs gene product. Fur- 
thermore, the vhs gene product is also responsible for 
a nondiscriminatory destabilization and degradation of 
viral a, p, and 7 mRNAs (123,252,253,344,443,491). In 
cells infected with the vhs~ mutant, host protein syn- 
thesis is not shut off. a and p protein synthesis are 
somewhat prolonged compared to wild type. Both of 
these effects have been shown to be due to a stabili- 
zation of host and viral mRNAs; in cells infected by 
vhs mutants, mRNAs are not degraded as rapidly as 
in cells infected by wild-type virus. 

Frenkel and associates (252) suspected that this 
function confers at least two advantages on the virus. 
First, it removes preexisting host mRNA from the pool 
of translatable messages, allowing the viral mRNAs to 
take over the pool rapidly. Second, destabilization of 
viral mRNAs allows a rapid transition from one reg- 
ulatory class to the next. In the absence of the vhs 
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function, a and p proteins are produced beyond the 
time spans normally seen; the positive transcriptional 
controls discussed in the rest of this chapter are not 
enough to ensure efficient a-to-p and (M0-7 transi- 
tions. Although the vhs" mutation is not lethal, wild- 
type virus does have a growth advantage in tissue cul- 
ture, indicating that efficient separation of the regu- 
latory classes is helpful to the virus (252,395). 

ICP47 

The predicted translated and apparent molecular 
weights of ICP47 are 9,792 and 12,000, respectively. 
The gene appears to be nonessential for growth in cell 
culture. The a47" mutant phenotype apparent to date 
is the conservation of a host protein capable of binding 
with a high degree of specificity to a viral RNA tran- 
scribed across ori s . In HSV-l-infected cells, the dis- 
appearance of this RNA-binding function is specifi- 
cally associated with the production of functional 
ICP47 early in infection (428). 

VIRULENCE 

In healthy nonimmunocompromised humans, en- 
cephalitis occurs rarely (531). In experimental animals, 
it is frequently the only manifestation of disease. In 
studies on the molecular basis of disease induced by 
HSV, the endpoint of the research objective — the dis- 
ease — is often synonymous with the destruction of the 
central nervous system (CNS). However, neuroviru- 
lence, as measured by intracerebral inoculation of 
virus, is clearly a misnomer. Wild-type HSV strains 
invariably multiply when injected into the CNS of ex- 
perimental animals. Direct injection of virus into the 
CNS measures the capacity of the virus to grow and 
destroy an amount of CNS tissue that will result in 
death before the immune system blocks further virus 
spread. Because, in most instances, destruction of the 
CNS and death are related to virus multiplication (in 
quantitative terms), the CNS tissue specific growth, 
or neurogrowth, is measured in terms of the amount 
of virus required to reach a specific endpoint of tissue 
destruction. 

A more rigorous attribute of virulence is invasive- 
ness — the capacity to reach a target organ from the 
portal of entry. To disseminate to the target organ, it 
may be necessary for the virus to multiply at peripheral 
sites. In experimental systems, neuro virulence, the 
model of the disease producing the phenotype of HSV, 
is the consequence of (i) peripheral multiplication, (ii) 
invasion of the CNS, and (iii) growth in the CNS. Pe- 
ripheral growth and invasiveness into the CNS can be 
quantified by measuring the amount of virus recovered 
(a) at the peripheral site and (b) in the CNS as a func- 
tion of inoculum delivered to a peripheral site (i.e., 
footpad, eye, ear, etc.). The components of neurovir- 



ulence are not readily differentiable. Neuroinvasive- 
ness can be differentiated from neurogrowth only in 
cases where the virus is capable of multiplying in the 
CNS (e.g., low PFU/LD50 ratios after intracerebral in- 
oculation of mice) and at peripheral sites but incapable 
of invading the CNS. Failure of the virus to grow in 
the CNS abolishes its virulence, but the loss of tissue- 
specific growth is quite distinct from the capacity to 
invade the CNS. 

Wild-type isolates differ with respect to neuro- 
growth and neuroinvasiveness: In our experience, iso- 
lates from the brains of encephalitis patients require the 
lowest pfu/LD 50 ratios, as assayed by intracerebral in- 
oculation in mice, whereas careful studies by Whitley 
and collaborators failed to differentiate between pe- 
ripheral and CNS isolates from the same patients (R. 
J. Whitley, personal communication). Strains with ele- 
vated pfu/LD 50 ratios yield mutants with increased 
neurogrowth, and these can be readily selected by se- 
rial passage in the mouse brain. Mutants with in- 
creased neuroinvasiveness can also be selected by se- 
rial passage of virus isolated from the brain but 
inoculated at a peripheral site. It is our impression that 
this heightened neuroinvasiveness is, to some extent, 
inoculation-route-specific. 

Cell culture correlates of neurovirulence do not 
exist. No differences are readily apparent in cell cul- 
ture among wild-type viruses differing with respect to 
neurogrowth by a factor of 100 (i.e., between approx- 
imately 1 and 100 pfu/LD 50 ). Some mutants requiring 
10 6 pfu/LD 50 may have a more restricted host range, 
reduced yield, or sluggish or multiplicity-dependent 
growth in cell culture (312,526). 

In the past decade, virulence loci comprising both 
neurogrowth and neuroinvasiveness, or only one of 
these, have been ascribed to several sites, but partic- 
ularly in or around the domain of the tk gene 
(126,312,381,481) and at the right terminus of the 
unique sequences of the L component in the P ar- 
rangement of HSV DNA (52,199,201,235,429, 
502,503). At the tk locus, the neurovirulence may also 
be associated with genes other than tk, inasmuch as 
restoration of the tk gene in a UL24~ mutant at another 
site did not result in increased capacity to cause death 
(B. Meignier and B. Roizman, unpublished studies). 
The major problem faced by most of these reports is 
as follows: Nearly any mutation or deletion introduced 
spontaneously or by design into the HSV genome re- 
sults in reduced neurogrowth, and nearly any mutation 
or deletion introduced by default results in decreased 
virulence. Deletions and base substitutions in some 
genes have a more profound effect than those in other 
genes. For example, deletion 6f nearly any gene in the 
S component resulted in reduced capacity to grow in 
the CNS (312,526), and mutations in the ribonucleotide 
reductase subunit genes resulted in the same reduced 
capacity (42). It is obvious that any mutations (includ- 
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ing those that occur spontaneously and accumulate in 
laboratory strains characterized by a long history of 
serial passages in cell culture) and deletions that re- 
duce the capacity to grow peripherally or in the CNS, 
or that reduce the capacity to invade the CNS, could 
be designated as 4 'virulence loci," since rescue of the 
mutation or deletion will restore the phenotype of the 
parent virus [see, for example, the deletion in HSV-1 
strain HFEM (235,429)]. Obviously, the genes that 
have been deleted or mutated are required for tissue- 
specific growth; their function is required, but is not 
sufficient, for neurovirulence in the context of the defi- 
nition given here. 

Also in the context of the definition of neuroviru- 
lence, none of the HSV genes tested to date, with the 
possible exceptions of gC and gE (52,207,312), appear 
to be dispensible with respect to replication in the 
CNS; this may also be true for other tissues. Genes 
specific for neuroinvasion have been reported, but 
these studies do not fully meet the stringent criteria 
for differentiation of neuroinvasiveness from failure to 
multiply efficiently. 

It should be stressed that virulence is a multifactorial 
phenomenon reflecting the capacity of the virus to pro- 
duce high yields and to spread in direct competition 
with the immune response whose objective is to block 
virus multiplication. Mutations to increased neuro- 
growth very likely enable (a) higher expression of viral 
genes whose functions are not complemented in the 
CNS and (b) more efficient molecular interactions of 
the viral genome or its gene products with the cellular 
factors required for viral replication. A central ques- 
tion is, Why do mutations for accelerated growth or 
for greater neuroinvasiveness not arise, since such mu- 
tants can be readily produced in the laboratory by se- 
rial passage? 

Little is known of the mechanism by which HSV 
invades the CNS of human adults, whether by infection 
of a cranial nerve or by postsynaptic transmission. In 
principle, the epidemiologically significant virus in 
human-to-human transmission is that which appears 
on the mucous membranes or skin after first infection 
or after reactivation of latent virus. Although we have 
alluded to the observation that isolates from CNS tend 
to be virulent, selection for increased neuroinvasive- 
ness is not a useful property inasmuch as the virus that 
multiplies in the CNS is less likely to be transmitted 
from person to person than by virus multiplying in the 
mucous membranes of otherwise healthy people. 



LATENCY 

The ability of HSV to remain latent in the human 
host for its lifetime is the unique and intellectually most 
challenging aspect of its biology. The virus enters sen- 



sory nerves innervating the cells infected at the portal 
of entry. In latently infected neurons, the viral genome 
acquires the characteristics of endless or circular DNA 
(133,315,404,405), may be in nucieosomal form (100), 
and has been reported not to be extensively methylated 
(103). To our knowledge, no functions are expressed 
which are required for the establishment of the latent 
state. In a fraction of those harboring HSV in a latent 
state, the virus is periodically reactivated; infectious 
virus is carried by axonal transport (70), usually to cells 
innervated by the infected neurons at or near the portal 
of entry (49,79', 156,409). Depending on the host im- 
mune response, the resulting lesion may vary consid- 
erably in severity, from barely visible vesicles to rather 
severe, debilitating lesions in immunosuppressed in- 
dividuals. The clinical aspects of latent infection and 
reactivation are discussed in Chapter 66. This section 
concerns the molecular biology of latency. 



HSV Latency in Experimental Systems 

The Experimental System 

The most useful model systems are mice, guinea 
pigs, and rabbits. In the mouse, latent infection is read- 
ily established after eye, footpad, or ear inoculation, 
but the latent virus does not reactivate spontaneously 
(29,30,173,174,484). Latent virus in the rabbit does 
reactivate spontaneously (331). The guinea pig shows 
recurrent lesions after vaginal infection with high doses 
of HSV-2, but it is not clear whether these are the 
consequence of a festering, chronic infection or of a 
reactivated, truly latent virus (480). At the other ex- 
treme are latency models in cells cultured in vitro. The 
latently infected neuron is nonpermissive at the time 
it harbors the virus in the latent state. In the ganglion, 
the permissivity of the infected neuron is transient. 
When placed in culture, neurons become permissive. 
Those that contain latent virus activate its multipli- 
cation. It has been reported that neurons retain virus 
in a latent state in the presence of neuronal growth 
factor, and, conversely, the virus is activated when the 
growth factor is withdrawn (538). The issue is whether 
virus activation coincides with incipient neuronal 
death and whether permissivity for virus growth and 
maintenance of physiologic integrity are mutually ex- 
clusive. 

A number of laboratories have reported the main- 
tenance of the viral genome by rendering cells non- 
permissive by a variety of methods (65,66,430,533- 
537). To our jaundiced eye, the state of nonpermissiv- 
ity induced in cells in culture by elevated tempera- 
tures, interferon, or antiviral drugs is not equivalent 
to the nonpermissive state of the neuronal cells in vivo. 

The events transpiring in animal models can be di- 
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vided into several stages. In the initial stage, virus rep- 
lication ensues in the tissues at or near the site of in- 
oculation. This initial multiplication ensures contact 
with, and entry into, the sensory nerve endings. The 
capsid is transported by rapid retrograde axonal flow 
to the neuronal nucleus (244,276). Data obtained from 
infection of neurons cultured in vitro indicate that the 
viral capsids are transported to neuronal nuclei by re- 
trograde axonal transport involving microtubules. 
Drugs which disrupt neuronal microtubule structures, 
or which are known to inhibit retrograde transport of 
certain compounds, also inhibit the ability of the virus 
to move from the peripheral endings of neurons to the 
nuclei (244). Electron-microscopic studies indicate 
that in neurons infected in cell culture, the viral particle 
that is being transported is tlje unenveloped capsid 
(276). 

We suspect that the initial multiplication is (a) not 
essential if the virus comes in contact with nerve end- 
ings and (b) critical if the virus is merely deposited on 
the surface of the peripheral tissues. 

In some animal models, there is a short period of 
viral replication in the ganglia at this stage (226- 
230,301,302,382,383,508,509,520,542); however, this 
may be an artifact of the large amount of virus used 
in the inoculum to attain a high percentage of latently 
infected ganglia. 

In the second stage, at a maximum of 2-4 weeks 
after inoculation, no replicating virus can be detected 
in the sensory ganglia innervating the site of inocula- 
tion. 

In the last stage, certain stimuli (e.g., physical or 
emotional stress, peripheral tissue damage or intake 
of certain hormones in humans, and both peripheral 
tissue damage and administration of drugs that stim- 
ulate prostaglandin synthesis in experimental animals) 
may result in activation of virus multiplication con- 
current with axonal transport of the virus progeny, 
usually to a site at or near the portal of entry . Although 
the issue is still being debated frequently and hotly, 
there is little doubt that virus multiplication results in 
destruction of the neuronal cell. 



Viral Gene Expression in Latently Infected Neurons 

Extensive studies on ganglia harboring latent HSV 
have been rewarded by an extreme paucity of evidence 
for viral gene expression. The only transcript detected 
to date is one designated optimistically as latency-as- 
sociated transcript 1 (LAT1) (486). This transcript is 
abundant and accumulates in the nuclei of neurons of 
latently infected animals and humans (243,406,483, 
485,486). LAT1 is spliced (517,527), and in latently in- 
fected cells it is not polyadenylated (516). It has been 
reported that the LAT1 population is heterogeneous, 



varying in the donor/acceptor splicing sites, and hence 
capable of expressing more than one protein — pro- 
vided, of course, that it were transported to the cy- 
toplasm (517,527). Because it is, in part, complemen- 
tary to the 3' terminus of the ctO mRNA, it has been 
thought that the function of LAT1 is to preclude the 
expression of a0 (486). Confounding the issue is the 
observation that LA Tl ~ mutants are capable of estab- 
lishing latency (200). 

In a different category is the observation that in tri- 
geminal ganglia harboring latent virus, there are be- 
tween 0.1 and 1 viral genome equivalents per cell ge- 
nome (40,384,404,405). This datum poses an intriguing 
question. Heretofore, the number of neurons harbor- 
ing virus was thought to be between 0.1% and 3% of 
total neurons. Even assuming a 10% total, the number 
of neurons harboring virus would constitute less that 
1% of all ganglionic cells. To account for the high num- 
ber of viral genomes per cell harboring latent virus, it 
is necessary to postulate the following: (i) More than 
one viral genome can enter and establish latency in the 
same neuron, or (ii) viral genomes are amplified by the 
cellular machinery during the latent state (422). 

The Role of Viral Multiplication in the Establishment 
and Assessment of the Latent State 

There are several important facets of latent infec- 
tions which relate to the role of virus multiplication, 
both at the periphery and in the neurons harboring the 
virus . 

1. As noted above, HSV must have access to the 
nerve endings in order to establish latency, and there- 
fore it could be expected that the greater the number 
of peripheral cells that become infected and support 
virus multiplication, the larger the number of neurons 
which will harbor latent virus. The relevant phenom- 
enon in humans is that the frequency of reactivations 
resulting in recrudescences of lesions is related to the 
severity of lesions caused by the first infection. In the 
model we have proposed (422) and have elaborated 
below, the frequency of recurrences would be deter- 
mined, in part, by the number of neurons harboring 
virus. 

2. Several years ago, it was proposed that the latent 
virus makes a "round trip"; that is, the reactivated 
virus reestablishes the latent state by infecting the 
nerve endings of hitherto uninfected neurons (225). 
This hypothesis is not tenable. First, in experimental 
systems, it is very difficult to superinfect ganglia har- 
boring latent virus with a second, marked virus 
(51,314). Perhaps even more significant, the "round 
trip" does not appear to take place in humans even 
under conditions that would favor such a phenomenon. 
Thus, in a small number of individuals, mutants that 
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were both virulent and acyclovir-resistant have arisen 
(1 10,349). Recurrent lesions that emerged after the mu- 
tant was eliminated with the aid of other drugs did not 
contain the acyclovir-resistant virus. While this phe- 
nomenon has been attributed to rapid elimination of 
the peripheral infected cells by the immune system 
(51), the observations may have more profound im- 
plications inasmuch as induction of latent virus should 
eliminate it from the ganglion. 

3. The operational definition of latent virus is useful 
but self-limiting, in a rather significant fashion. Cur- 
rently, latent virus is defined as that which is detected 
after incubation of intact ganglionic tissue with suitable 
susceptible cells and not by inoculation of the suscep- 
tible cells with macerated ganglia. While adherence to 
this operational definition is critical, in experimental 
animals and in humans, viral DNA can be detected in 
CNS tissue (particularly in brain stem), but infectious 
virus cannot be reactivated from these tissues. It has 
been customary to ignore these genomes or assume 
that the brain stem accumulates defective genomes. 
The possibility that this is not the case, that the neu- 
ronal population of the brain stem represents a pop- 
ulation that is nonpermissive, must be considered in 
light of two observations. Foremost, reactivations are 
more readily demonstrable with so-called "virulent" 
(or, by the definition above, capable of heightened neu- 
rogrowth) strains than with relatively avirulent strains. 
Of greater potential significance is the recent obser- 
vation that certain deletion mutants are not reacti- 
vated. While failure of a0" mutants to reactivate from 
neurons of ganglia known to contain viral DNA has 
been attributed to a key role of the <xO gene in reac- 
tivation (264), similar results have been seen with tk~ 
viruses (see below). Competence to reactivate may re- 
flect a myriad of functions that include both those that 
are specific to the termination of the latent state and 
those related to the overall capacity of the virus to 
multiply in an extended host range — the relatively non- 
permissive sensory neuron. These two sets of func- 
tions may be difficult to differentiate. 



Establishment and Maintenance of the Latent State: 
The Data 

Viral Gene Expression Required for the Establishment 
of Latency 

The viral genome during latency has been reported 
to be in an "endless" form, either concatemeric or 
circular (i.e., in a state similar to that seen immediately 
after infection) (404,405). In cells in culture, acquisi- 
tion of the circular or concatemeric form immediately 
after infection does not require de novo protein syn- 



thesis (362), and therefore the presence of circular 
DNA does not imply viral gene expression. 

Reactivation of virus, as noted above, is not a re- 
liable indicator of the ability to establish latency. If we 
accept the operational definition that the presence of 
LAT1 RNA is indicative of the latent state, it follows 
that any virus capable of infecting neurons is able to 
establish latency. To date, all HSV mutants (except 
those with deletions in the LAT1 sequence) shown to 
be capable of peripheral replication also appear to in- 
duce LAT1 in neurons of ganglia which innervate the 
site of inoculation (e.g., 63,312,313). Since mutants in 
all HSV genes have not been tested, the conclusion 
that no viral gene function is specifically required for 
the establishment of latency may be prognostic but 
premature. 

Viral Gene Expression Required for the Maintenance of 
Latency and for the Activation of Viral Multiplication 

Studies on the viral gene expression required for 
maintenance of the latent state or for activation of viral 
multiplication suffer from a peculiar operational prob- 
lem: Inactivation of a gene essential for either process 
should result in failure to reactivate. Failure to reac- 
tivate virus from ganglia of experimental animals 
which had been inoculated with adequate amounts of 
virus by an appropriate route could be due to (i) failure 
to establish latency, (ii) failure to maintain the latent 
state, or (iii) failure of the latent genomes to be in- 
duced. Detection of viral genomes or of LAT1 in neu- 
rons eliminates, but does not discriminate between, 
alternatives (i) and (ii), but it introduces another al- 
ternative — namely, that the viral DNA retained in the 
ganglia and expressing LAT1 represents defective ge- 
nomes. While appropriate experimental designs can 
surmount this problem, this has not been done so far. 

Viruses which are capable of independent replica- 
tion and which failed to be reactivated readily in mice 
are tk~ and a0~ mutants. The ability of tk~ virus to 
establish latency has been disputed. While Tenser and 
colleagues (500,501) have reported that tk~ viruses 
cannot establish latency in mice and have ascribed a 
significance to that finding, other workers have reac- 
tivated viruses with little or no TK activity from mice, 
and even deletion mutants have been reactivated from 
latently infected rabbits (50,157-159,312,451). a0" 
mutants may fall into a similar category. Although they 
are not readily inducible in mice (264), viral DNA was 
detected in ganglia (264), and spontaneously reacti- 
vated virus was isolated from a rabbit (Y. J. Gordon, 
personal communication). The LAT1 RNA can be de- 
tected in neurons of mice infected with a0~ (D. M. 
Knipe, personal communication) or tk~ (63) viruses. 

As noted earlier in the text, the ability to reactivate 
may well reflect the ability of the virus to grow in re- 
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strictive cells. In experimental animal systems, there 
is the added requirement that viruses multiply effec- 
tively and rapidly, since viral multiplication and dis- 
semination of the reactivated virus is in competition 
with the immune systems whose object is to ablate it. 
Examination of the results of reactivation from trigem- 
inal ganglia of deletion mutants inoculated into mice 
is consistent with the hypothesis that mutations that 
affect growth of virus in cells also affect the ability of 
the mutants to be reactivated to a level high enough 
to be detected. 

Reactivation of Virus in Experimental Systems 

In humans, latent virus is reactivated after (a) local 
stimuli such as injury to tissues innervated by neurons 
harboring latent virus or (b) systemic stimuli such as 
physical or emotional stress, menstruation, hormonal 
intake, and so on, which may reactivate virus simul- 
taneously in neurons of diverse ganglia (e.g., trigem- 
inal and sacral). In experimental systems, induction of 
latent virus multiplication has been induced by (a) 
physical trauma to tissues innervated by the neurons 
harboring virus (8,165), and (b) iontophoresis of epi- 
nephrine (250,251) or other drugs (157,166,463). The 
molecular basis of reactivation, as well as the order in 
which viral genes are induced, is not known. 

Establishment and Maintenance of the Latent State: 
A Model 

The molecular basis of latency rests on answers to 
several key questions: (i) Since HSV readily multiplies 
in a variety of cells derived from human or animal tis- 
sues, why does lytic infection not ensue in neurons 
harboring latent virus? (ii) At what stage in the repro- 
ductive cycle is viral multiplication arrested? (iii) What 
is the origin of the rather high number of copies of the 
viral genome per latently infected neuronal cell? (iv) 
Why are all neurons not reactivated at the same time? 
(v) At what stage in the cascade of viral gene expres- 
sion does replication of latent virus begin? (vi) Why is 
HSV-2 more readily reactivated in sacral ganglia, 
whereas HSV-1 is more readily reactivated from tri- 
geminal or cervical ganglia? Our model is based pri- 
marily on the hypothesis that latency is required for 
the perpetuation of the virus in its natural host pop- 
ulation and that the virus has evolved elaborate mech- 
anisms to control the latent state. 

The model we propose, largely for its heuristic 
value, is an extension of the one we described earlier 
(422) and consists of several components: 

1. The model proposes that two distinct mecha- 
nisms operate to block the expression of HSV in neu- 
ronal cells. Thus, previously published data indicate 
that aTIF and capsids reach the nucleus independently 
inasmuch as viral mutants which do not release DNA 



at the nuclear pore do induce a reporter gene linked 
to an a promoter (21). The separation of the viral DNA 
from the transacting factor that induces the a genes 
is difficult to explain except in the context that it might 
be desirable for the virus not to multiply under certain 
conditions. Unlike the epithelial cell at the portal of 
entry with a distance of 10 *xm or less between the 
plasma and nuclear membranes, in the infected sen- 
sory cells the distance between nerve endings and the 
nuclear membrane may well be measured in centi- 
meters. In the absence of the aTIF, gene expression 
may not occur, or it would be grossly retarded. The 
absence of aTIF may not be sufficient to enable the 
the infected neurons to block viral expression. A sec- 
ond mechanism would be predicted to block the 
expression of a genes. 

2. The model also proposes that activation of virus 
multiplication is the consequence of the cumulative ef- 
fect of stimuli to which each cell harboring virus re- 
sponds independently. Specifically, the hypothesis en- 
visions that both local and systemic stimuli cause the 
viral DNA copy number to be increased. Virus would 
become activated when the copy number exceeds a 
certain threshold. Since the effect of the stimulus, the 
increase in the DNA copy number, and the precise 
threshold may vary from cell to cell, not all cells would 
be activated simultaneously. 

3. The increase in the DNA copy number may not, 
per se, ablate the block in virus multiplication. The 
added requirement for viral multiplication falls under 
the heading of capacity for gene expression and is 
poorly defined. A common feature of this property is 
seen in the case of deletion mutants (e.g., a22~; see 
ref. 450) infecting nonpermissive or restrictive cells. 
Such mutants often exhibit a multiplicity dependence 
reflected in the failure of virus multiplication at low, 
but not high, multiplicities of infection. The additional 
functions that may be required to achieve clinically 
detectable reactivation (or detectable amounts of in- 
fectious virus in experimental systems) may be those 
of a set of genes. The model proposes the following: 
(a) This set would include genes that are required, as 
well as those that are dispensable, for multiplication 
in cells in culture, and (b) the expression rate and prod- 
uct abundance of these genes would determine 
whether infection is productive or abortive in the par- 
ticular cell in which the virus is latent. 

HSV-1 and HSV-2 are very closely related viruses 
which have predilections for oral and genital mucosa, 
respectively. It could be argued that the differences in 
the nucleotide sequences of their genomes and in the 
amino acid sequences of their proteins reflect the dif- 
ferences in the environments in which they function. 
Conversely, the differences in the reactivation rates of 
HSV-1 and HSV-2 in trigeminal and sacral ganglia 
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must reflect the differences in the respective ganglia. 
The differences may be reflected not in the ability to 
establish latency but in the gene expression required 
to overcome the block to effective viral gene expres- 
sion. 



CONCLUSIONS 

The studies on herpes simplex viruses are, at last, 
entering a most exciting stage, largely because the 
words "structure and function" are beginning to have 
an operational meaning. As a field of endeavor, we are 
beginning to characterize the interaction of proteins 
among themselves and with viral nucleic acids. In ad- 
dition, the host factors crucial to virus multiplication, 
and potentially to latency, are being sought out. The 
armamentarium for a major assault on the mysteries 
underlying the biology of these viruses is in place, re- 
flecting the contributions of many laboratories over 
many years. 
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eukaryotic DNA replication. Viral genomes are relatively simple and can be 
readily manipulated by modern genetic methods. In addition, the replication 
of some viral genomes has proven amenable to analysis in cell-free systems. 
These facts significantly enhance the ability to analyze replication mech- 
anisms at the molecular level. There are a number of potentially useful viral 
systems, and this review focuses on four of the best characterized: (a) 
adenovirus, (b) SV40, (c) herpes simplex virus, and (d) bovine papillomavi- 
rus. Each system has certain unique virtues that can be exploited to gain 
insight into different aspects of the replication process. 

Adenovirus DNA replication occurs by a process that is significantly less 
complex than chromosomal DNA replication. Replication initiates by a novel 
protein priming mechanism, and all daughter strands are elongated by a 
continuous mode of synthesis such as occurs at the leading strand of a 
chromosomal replication fork. The biochemical dissection of a soluble in 
vitro system capable of faithfully replicating adenovirus DNA has led to the 
identification of most of the proteins involved. Adenovirus DNA replication 
requires the participation both of virus-encoded replication proteins and host- 
cell-encoded transcription factors. Since a linkage between replication and 
transcription has now been observed in other systems, it is likely that further 
analysis of the adenovirus system will provide insights that are of general 
importance. 

The SV40 genome represents a more complete model system for studying 
cellular DNA replication. SV40 encodes only a single replication protein (T 
antigen) and relies predominantly on the host-cell replication machinery. In 
vivo studies have established that many of the details of S V40 DNA replica- 
tion are closely similar to those of cellular DNA replication. Replication 
initiates at a fixed site on the viral genome and proceeds bidirectionally with 
continuous growth of leading strand^SM^feGemtfrraous growth of lagging 
strands. As in the case of adenovirus, an efficient cell-free replication system 
has been developed for SV40, and dissection of this system has identified 
several cellular replication proteins. A partial understanding of the mech- 
anisms by which these proteins act is beginning to emerge, and it seems 
certain that this will be an area of continued rapid progress. 

In contrast to SV40, herpes simplex virus (HSV) encodes many, if not all, 
of the proteins that are involved in the replication of its genome. Thus, HSV 
DNA replication has been studied by using a combination of genetics and 
biochemistry. The complete set of viral genes necessary for DNA synthesis 
has recently been identified, and the products of many of these genes have 
been purified and partially characterized. Several of these purified proteins 
have functions expected of replication proteins, including a DNA polymerase, 
a helicase, a primase, a single-stranded DNA binding protein, and an origin 
recognition protein. It seems likely that the availability of these purified 
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proteins will soon lead to the development of an in vitro system capable of 
specifically replicating HSV DNA. Genetic and biochemical dissection of 
such a system should provide important new insights into the molecular 
mechanisms of eukaryotic DNA replication. 

Adenovirus, SV40, and HSV are all examples of viruses that normally 
multiply by productive cytocidal infection. In all of these cases, viral DNA 
replication begins soon after infection and continues at a high rate until the 
death of the host cell. In contrast, bovine papillomavirus (BPV) represents an 
example of a virus that is capable of multiplying as a stable extrachromosomal 
element. In this case, viral DNA replication is controlled so that the number 
of viral genomes doubles only once per cell cycle, and under normal circum- 
stances the host is not killed. As in the case of SV40, the BPV genome is 
relatively small and encodes only a small number of proteins involved in 
DNA replication; viral DNA synthesis depends heavily on host-cell replica- 
tion proteins. The biochemical analysis of BPV DNA replication is in its 
infancy, but genetic analyses have provided evidence for a negative control 
system that apparently ensures that each viral genome is replicated once and 
only once during each cell cycle. Bovine papillomavirus therefore represents 
an excellent model for illuminating mechanisms involved in regulating DNA 
replication. 

ADENOVIRUS DNA REPLICATION 

Adenovirus DNA replication is better understood than the replication of the 
other animal virus genomes because it was the first to be established in vitro 
(1). Although many of the molecular details remain to be worked out, the 
basic features of the adenovirus DNA replication pathway are now reasonably 
clear, and most of the proteins involved in the replication process have been 
identified (2-5). On the basis of the information gathered to date, it is evident 
that the adenoviruses have evolved some very interesting and novel solutions 
to the replication problem, including the use of a "protein priming" mech- 
anism for initiation and the diversion of cellular transcription factors to the 
viral replication machinery. It seems certain that further biochemical analysis 
of this system will illuminate and extend our understanding of DNA replica- 
tion in the context of the animal cell. 

The Adenovirus Chromosome 

The genomes of the human adenoviruses are double-stranded linear DNA 
molecules containing approximately 35,000 base pairs. The 5' terminus of 
each strand of the viral genome is covalently attached to a virus-encoded 
protein (TP) with a molecular weight of about 55,000 (6, 7). In addition, the 
nucleotide sequences at the extreme ends of the genome are identical (8, 9). 
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Both of these structural features play important roles in the initiation of viral 
DNA replication. 

Numerous in vivo studies have established that adenovirus DNA replication 
takes place in two stages (2-5). In the first stage, DNA synthesis is initiated at 
either terminus of the duplex viral genome by the protein priming mechanism 
(see below). The initiation process results in the establishment of a replication 
fork that moves from one end of the genome to the other. At each replication 
fork only one of the two parental DNA strands serves as a template for DNA 
synthesis. Thus, the products of the first stage of replication are a daughter 
duplex and a displaced single strand. In the second stage of DNA replication, 
the strand complementary to the displaced single strand is synthesized. It 
seems likely that the initial step in this process is the circularization of the 
single-stranded template by annealing of its self-complementary termini. The 
resulting duplex "panhandle" has the same structure as the terminus of the 
duplex adenovirus genome and is presumably recognized by the same initia- 
tion machinery that operates in the first stage of replication. Following a 
second initiation event, complementary strand synthesis proceeds from one 
end of the template to the other, generating a second daughter duplex. In both 
stages of adenovirus DNA replication there is only one priming event per 
nascent daughter strand, so all viral strands are synthesized in a continuous 
fashion from their 5 1 termini to their 3 f termini. 

The adenoviruses encode three proteins that play central roles in viral DNA 
replication: the terminal protein precursor (pTP), the adenovirus DNA 
polymerase (Ad pol), and the single-stranded DNA binding protein (DBP) 
(10-12). Together these three proteins consume approximately 25% of the 
coding capacity of the viral genome. The mRNAs for all three proteins are 
products of the same viral transcription unit and are produced by differential 
splicing of a common-pj^^;g&QcjC13). This genetic organization provides a 
simple mechanism for the coordinate regulation of the levels of replication 
proteins during infection. In addition to the virus-encoded proteins, adenovi- 
rus DNA replication requires the participation of several cellular proteins. 
Those identified to date include two cellular transcription factors (NF-I/CTF 
and NF-III/OTF-1) and a cellular topoisomerase activity (14-20). The bio- 
chemical roles of these viral and cellular replication proteins are discussed 
below. 

Initiation of Adenovirus DNA Replication 

the protein priming model Initiation of adenovirus DNA replication 
occurs by a novel mechanism in which the first nucleotide in the new DNA 
chain becomes covalently linked to a virus-encoded protein, the terminal 
protein precursor. This mechanism is unique among the DNA viruses of 
mammals, but a similar mechanism operates during the replication of other 
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chromosomes, for example bacteriophage 029 (21). The protein priming 
model was first proposed following the discovery that the 5 ■ ends of adenovi- 
rus DNA strands are covalently linked to the 55-kd terminal protein (22). 
Direct biochemical support for the model was obtained by analysis of the 
initiation reaction in the adenovirus cell-free replication system. Initial studies 
demonstrated that the adenovirus terminal protein is synthesized in the form 
of a larger 80-kd precursor (pTP), which is active in initiation (10, 13, 23, 
24). The pTP is processed by proteolysis to the mature 55-kd form during 
packaging of the viral genome into viriops (23). A series of isotope transfer 
experiments provided evidence that the critical first step in the replication 
reaction is the formation of an ester bond between the /3-OH of a serine 
residue in the pTP and the a-phosphoryl group of dCMP, the first residue in 
the new DNA chain (10). The nascent strand then grows by extension from 
the 3' hydroxyl of the covalently bound dCMP residue (22). The subsequent 
development of a direct assay for the formation of a covalent complex 
between dCMP and the pTP (pTP-dCMP) made it possible to purify the pTP 
in functional form and to define the requirements for the initiation reaction 
(25-28). Work in a number of laboratories has shown that initiation is 
dependent upon the presence of specific nucleotide sequence elements at the 
termini of the viral genome and requires the participation of several viral and 
cellular proteins. 

the adenovirus origin of dna replication The natural template for 
adenovirus DNA replication in vivo or in vitro is the viral chromosome with 
the covalently attached terminal protein (TP or pTP). However, as first 
demonstrated by Tamanoi & Stillman (28), plasmids containing the cloned 
adenovirus terminal sequence will support initiation of DNA replication in 
vitro, provided that the plasmid is cleaved with a restriction enzyme in suWir 
way that the adenovirus terminus is located near the end of the resulting linear 
DNA molecule. This observation provided definitive evidence that specific 
nucleotide sequence elements in the viral genome are recognized by the 
initiation machinery. The efficiency of initiation with plasmid templates is 
considerably lower than that observed with adenovirus chromosomes isolated 
from purified virions. Moreover, recent studies have revealed that the protein 
and cofactor requirements for initiation are somewhat different for the two 
templates (29-32). However, analysis of plasmids with deletion and/or base 
substitution mutations has been very useful for defining the nucleotide se- 
quence requirements for initiation. 

Most in vitro studies of the nucleotide sequence requirements for adenovir- 
us DNA replication have been conducted with serotypes 2 or 5. Analysis of a 
large number of deletion and base substitution mutations has revealed that the 
adenovirus origin of DNA replication is complex, containing at least three 
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functionally distinct domains (17, 33-42). Domain A consists of the first .1.8 
base pairs of the viral genome and represents the minimal origin of replica- 
tion. The presence of domain A is absolutely required for initiation of 
adenovirus DNA replication, but templates containing only domain A initiate 
DNA synthesis at a very low efficiency. All adenovirus serotypes that have 
been examined share a common 10-base-pair sequence, ATAATATACC, 
within this region of the viral genome (34, 43, 44). It has been suggested that 
this conserved motif is important for the binding of the^ virus-en coded i nitia- 
tio n proteins t o the origin (32, 45) . Domains B and C, while not absolutely 

"required for initiation of adenovirus DNA replication, contribute significantly 
to the efficiency of the initiation reaction. Domain B consists of the segment 
between nucleotides 19 and 39 (36, 37, 40, 42). As in the case of domain A, 
there is considerable sequence conservation in this region among the various 
adenovirus serotypes. Many (but not all) adenovirus genomes contain a 
version of the consensus sequence TGG(A/QNNNNNGCCAA. As described 
below, thisHmot^Tis recognized by a cellular DNA-binding protein, nuclear 
factor I(CTF)(14— 16). The presence of domain B increases the efficiency of 
initiation of adenovirus 5 DNA replication at least 10-fold. Domain C of the 
adenovirus origin includes nucleotides 40 to 51 and contributes an additional 
factor of three to the efficiency of initiation of viral DNA replication in vitro 
(17, 42). The consensus sequence, AT(G/T)N( A/T) A AT , has been identified 
in this region. A second cellular DNA-binding protein, nuclear factor III 
(ORP-C, OTF-1), recognizes this sequence (17-19). The s pacin g between the 
minimal origin and^domain B appears to be critical for orig;in function (41, 
42). The inser tion or deletion of only a few base pairs between the two 
segments dramatically reduces the efficiency of initiation. This observation 
suggests that the initiation reaction may require relatively short-range in- 

"^^^tton s -bet w ee n the protein factors that bind to the various domains of the 
origin. 

Analysis of the replication of deletion mutants in vivo is largely consistent 
with the general picture of the sequence organization of the adenovirus 
genome derived from the in vitro studies (46-51). Both the conserved se- | 
quence element in domain A and the nuclear factor I binding site in domain B j 
have been shown to be essential for adenovirus 2 (or 5) DNA replication in | 
cultured cells. The stimulatory effect of domain C has not yet been observed 
in vivo. In contrast to most adenovirus serotypes, the replication origin of 
adenovirus type 4 lacks a recognition site for nuclear factor I. It has been 
demonstrated that Ad4 DNA replication, both in vivo and in vitro, requires 
only the terminal 18 base pairs of the genome, which are identical to the 
minimal origin of Ad2 or Ad 5 (49, 52). 

cellular origin-binding proteins Nuclear factor I (NF-I) was origi- 
nally identified as a cellular factor that stimulated formation of pTP-dCMP 



ANIMAL VIRUS DNA REPLICATION 677 

complexes by partially purified viral replication proteins (14). The stimula- 
tory activity was subsequently purified to near homogeneity by recognition 
site affinity chromatography and shown to consist of a family of polypeptides 
with molecular weights between 52,000 and 66,000 (15). Recently, three 
human cDNA clones of NF-I have been isolated and characterized (53). The 
clones contain blocks of identical sequence interspersed with blocks of differ- 
ent sequence, suggesting that the corresponding mRNAs are generated by 
differential splicing. Analysis of the open reading frames in the clones 
suggests that each mRNA encodes a distinct protein. Thus, differential splic- 
ing may account, at least in part, for the multiplicity of NF-I polypeptides that 
have been observed. Although it has been demonstrated that the protein 
products of all three NF-I cDNA clones are active in stimulating adenovirus 
DNA replication in vitro, it is not yet clear whether all of the NF-I 
polypeptides are functionally equivalent (53). 

The interaction between NF-I and its recognition sequence has been studied 
using chemical probes and in vitro mutagenesis (13, 39, 54). Taken together, 
these studies suggest that the optin^rec^mtigj^sit e consists of the _syrn^- 
metrical sequence TTGGCN 5 GC(^%^r^rincipal_contacts bet weenj go- 
tein and DNA are in the major groove, and ne^_aJLofJhe. contacts are 
accessible jftpj^one_side of the helix (54). Given the symmetry/rf the 
pTotehvDNA contacts, it "seeTHsTikely that NF-I binds as a dimer. 

Purified nuclear factor I stimulates initiation of adenovirus DNA replication 
in vitro at least 30-fold (15, 42). The binding of NF-I to its recognition 
sequence is essential for the stimulatory effect, since base substitution muta- 
tions in the viral origin that abolish binding greatly reduce the efficiency of 
initiation (18, 36, 37, 39, 40, 42). The precise role of NF-I in the initiation^ 
reaction is not yet clear (see below). 

Nuclear factor III (ORP-C) was identifieii^^-^JIuijatory factor that 
recognized the sequence element TATGATAAT within domain C of the 
adenovirus 2 origin of replication (17, 18). The factor has been purified to 
homogeneity by recognition site affinity chromatography and shown to con- 
sist of a 92-kd polypeptide (55). Experiments with various chemical probes 
indicate that the protein makes both major and minor groove contacts with Jthe 
DNA and that the contacts are not confined to one side of the helix (56). The 
binding site for NF-III is very close to that for NF-I; both proteins contact the 
same A/T base pair at position39_in the adenovirus origin of replication (56). 
Despite their proximity, there is no evidence for cooperativity in binding (18, 
56) Both NF-I and NF-III are required for optimal levels of DNA replication 
in vitro (17, 18, 55, 56), but the requirement for NF-III in vivo has not yet 
been demonstrated. 

Interestingly, both nuclear factor I and nuclear factor III also appear to 
function as cellular transcription factors. A number of viral and cellular 
promoters contain functionally significant sequence elements that are related 



678 CHALLBERG & KELLY 



to the NF-I recognition sequence (57-67). A protein factor (CCAAT 
transcription factor or CTF) that recognizes the GCCAAT motif present in 
several such promoters has been purified to homogeneity and shown to be 
capable of stimulating transcription of the human a globin gene in vitro and in 
vivo (68). Purified CTF was found to consist of a series of polypeptides with 
molecular weights similar to those previously described for NF-I (15). De- 
tailed comparison of the physical and biochemical properties of CTF with 
those of NF-I demonstrated that the two groups of proteins are indeed 
identical (16). 

The recognition site for nuclear factor III is similar to the octamer sequence 
that has been implicated in the transcriptional regulation of several genes, 
including the histone H2b, immunoglobulin, and small nuclear RNA (Ul and 
U2) genes (17, 18). Binding studies have demonstrated that NF-III binds to 
the promoter/enhancer regions of several such genes (69). A 92-kd protein 
factor (octamer transcription factor or OTF-1) that recognizes the octamer 
sequence in the histone H2b promoter and markedly stimulates H2b transcrip- 
tion in vitro has been purified from HeLa cells (70). The purified OTF-1 
protein is physically and biologically indistinguishable from NF-III (19). The 
implications of the finding that cellular sequence-specific DNA-binding pro- 
teins can participate in both transcription and DNA replication are not yet 
clear. On the one hand, adenovirus may have simply subverted cellular 
transcriptional factors for its own purposes. On the other hand, there is 



transcription and replication in eukaryotic cells (5, 71-73)) Indeed, several 
examples of transcriptional signals that significantly affect the efficiency of 
DNA replication are documented in other sections^of this review. Further 
study of the roles of NF-I and NF-III in adenovirus DNA replication may lead 
4u better understanding of the mechanistic role of transcriptional factors in 
DNA replication. 

requirements for the initiation reaction Initiation of adenovirus 
DNA replication is assayed in vitro by measuring the formation of a covalent 
complex between dCMP and the 80-kd pTP (25-28). The initiation reaction is 
absolutely dependent upon the presence of a DNA template. The most 
efficient template is the adenovirus chromosome containing the covalently 
attached 55-kd terminal protein, although other DNA molecules, such as 
linear plasmids or single-stranded DNA molecules, will support pTP-dCMP 
complex formation to some extent (see below). With adenovirus chromo- 
somes as template, optimal initiation requires a minimum of four proteins: 
two cellular proteins, NF-I and NF-III (14, 15, 17, 18), and two virus- 
encoded proteins, pTP and the 140-kd adenovirus DNA polymerase (11, 
74-76). The viral proteins copurify through several chromatographic steps, 
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and their sedimentation behavior suggests that they exist in a 1:1 complex 
(1 1, 74, 75). The complex can be separated into the individual polypeptides 
by glycerol gradient sedimentation in the presence of urea (74, 75, 77). This 
has made it possible to demonstrate the absolute requirement for both the pTP 
and the DNA polymerase in the initiation reaction (74, 75, 77). Initiation also 
requires ATP, which appears to be serving an effector function, since 
nonhydrolyzable analogues also stimulate initiation, and no ATP hydrolysis 
has been detected (32). It has been reported that a third virus-encoded protein, 
the 72-kd single-stranded DNA-binding protein (DBP) (78), stimulates initia- 
tion several-fold, but the protein is clearly not an essential participant in the 
reaction (18, 32). 

As described above, duplex templates that lack the covalently attached 
terminal protein (e.g. linear plasmids containing the adenovirus origin of 
DNA replication at one terminus) are capable of supporting the initiation 
reaction, albeit at lower efficiency than adenovirus chromosomes. With such 
templates, an additional protein, factor pL, is required for efficient formation 
of pTP-dCMP complexes (29, 30). Factor pL has been purified to near 
homogeneity and shown to b e a 44-kd polypeptide with,5J -> 3' exonuclease 
jictivity (30). The pL exonuclease appears to activate adenovirus templates 
that lack the terminal protein by degrading the 5' end of the DNA strand that 
is normally displaced during adenovirus DNA replication (30, 31). This 
creates a short single-stranded region at the 3' end of the DNA strand that 
normally serves as the template for adenovirus DNA synthesis. Similar 
partially single-stranded templates, constructed using synthetic oligonucleo- 
tides, support the initiation reaction in the absence of factor pL (31). Thus, the 
presence of a single-stranded region at the 3' end of the template strand 
appears to allow the system to bypass the requirement for the 55-kd terminal 
protein on the input DNA. One possible interpretation of this result is that the 
55-kd terminal protein attached to adenovirus" chromosomes plays some role 
in opening the duplex during the early stages of the initiation process (see 
below). Except for the requirement for factor pL, the protein requirements for 
initiation on partially single-stranded templates are the same as those for 
adenovirus chromosomes (32). However, ATP is no longer required (32). 

Single-stranded DNA molecules will also support formation of pTP-dCMP 
complexes in vitro (28, 29, 33, 35, 79). The sequence requirements for 
initiation with single-stranded templates appear to be somewhat less stringent -if*- 
than with adenovirus chromosomes or plasmid D NAs (35). A large number of " 
single-stranded DNA molecules, including tho se lacking the spec ific adeno- 
virus origin sequences, have been observed to support. pTP-dCMP complex 
fc^inaUon-Avitb-vaiying However, it has been r eported 

that an oli g g[^ leoti ^_containing the template strand of the adenovinosorigTn 
is 5-20 time s as" acfi ve Inlnitiation as other sTngle-si^ded^NA^oIecules 
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(32, 80). With single-stranded DNA templates, initiation is dependent on the 
virus-encoded replication proteins, but is not dependent on NF-I or NF-III 
(32). Both ATP and the adenovirus DBP are inhibitory. 



mechanism of initiation The precise order of events during initiation of 
adenovirus DNA replication is not yet clear. The finding that single-stranded 
or partially single-stranded templates can support pTP-dCMP complex forma- 
tion suggests that initiation is a two-step process (Figure 1). In the first step, 
the terminal region of the viral genome is unwound, exposing a short single- 
stranded region. In the second step, a dCMP residue is covalently linked to 
the pTP. Elucidation of the protein requirements for localized unwinding at 
the adenovirus origin must await the development of a direct unwinding 
assay. Howeye r , the ava ilable^atgsuggest that the 55-kd terminal protein 
attached the template DN A majj^ play a role in unwinding, since the 
requirement tor the terminal protein is obvTated by presence of a single- 
stranded region at the end of the template. It is also possible that NF-I, NF-III, 
pTP, or the adenovirus polymerase participate in strand opening within the 
origin. The binding of the pTP and adenovirus DNA polymerase to the 
template strand of the origin presumably takes place following (or perhaps 
during) the unwinding reaction. There is some evidence that the complex of 
pTP and Ad polymerase may interact with sequence elements in the origin, 
but these interactions must be of relatively low specificity. It is possible that 
one role of NF-I and NF-III is to facilitate the binding or positioning of the 
pTP and adenovirus DNA polymerase on the DNA template. The final step in 
initiation, the formation of the covalent pTP-dCMP complex, probably occurs 
once the pTP-Ad pol complex is correctly positioned on the exposed template 
strand. Although both the pTP and the adenovirus DNA polymerase are 
required for the initiation reaction, an important unresolved question is 
whether the adenovirus DNA polymerase catalyzes the transfer of dCMP to 
the pTP or whether this is an autocatalytic process. 

Elongation of Nascent DNA Chains 

The synthesis of full-length adenovirus DNA strands in vitro requires the 
pTP, the Ad DNA polymerase, the Ad DBP, and nuclear factors I— III. At 
present there is good evidence that three of these proteins (Ad DNA 
polymerase, Ad DBP, and nuclear factor II) are directly involved in chain 
elongation (20, 81, 82). Although there is no direct evidence for the involve- 
ment of the other adenovirus replication proteins in elongation, this possibility 
cannot be completely ruled out. The adenovirus DNA polymerase is a 140-kd 
protein with physical and biochemical properties distinct from the other 
known eukaryotic DNA polymerases (1 1 , 74, 81 , 82). The enzyme is capable 
of utilizing a varie ty of deoxyri b^ucleotide horn 

nn^&^<A Ay^^f /£&&-^A <K <\M^k ^ /*^*^xr*^ - 
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Figure 1 Diagrammatic representation of the initiation of adenovirus DNA replication. See text 
for details. Abbreviations used: I, nuclear factor I; III, nuclear factor III; TP, terminal protein; 
pTP, preterminal protein; POL, adenovirus DNA polymerase. 

but is relatively inactive with RNA primers (8 2), Polymerase activity is 
inhibited by dideoxynucleotides and is resistant to aphidicolin. The purified 
polymerase contains an intrinsic exonuclease activity that is specific, 

for single-stranded DNA and probably serves a proofreading function during 
polymerization (82). The Ad DBP is a 59-kd phosphoprotein that migrates in , 
SDS-polyacrylamide gels with an apparent molecular weight of 72,000 (12, 
83). The DBP binds tightly and cooperatively to single-stranded DNA in 
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sequence-independent fashion (12, 83-87). At saturation approximately one 
molecule of DBP is bound for every seven nucleotides (85). With poly(dT) as 
template and oligo(dA) as primer the DBP stimulates DNA synthesis by the 
Ad DNA polymerase as much as 100- fold (82). The stimulatory effect is quite 
specific, since the Escherichia coli SSB has no effect on Ad DNA polymerase 
activity and the Ad DBP does not stimulate the activity of other DNA 
polymerases such as HeLa DNA polymerase a. Based upon these and other 
results (81, 82), it seems likely that there is a highly specific inte raction 
b etween the DBP and the Ad DNA polymerase that increases the efficiency of 
polymerization; however, a stable complex of the two proteins has not yet 
been detected. In the presence of the DBP, the Ad polymerase is a highly 
processive enzyme, capable of synthesizing DNA chains at least 30,000 
nucleotides in length from a single primer terminus (82). Moreover, under 
these conditions the polymerase appears to be able to translocate through long 
stretches of duplex DNA (81). Thus, it is possible that fork movement during 
adenovirus DNA replication does not require a separate helicase activity. 
Rather, unwinding of the parental strands may be mediated solely by the Ad 
DNA polymerase and DBP, and the energy required for unwinding may be 
provided by the hydrolysis of deoxynucleoside triphosphates. This possibility 
is consistent with the observation that little, if any, ATP hydrolysis occurs 
during adenovirus DNA replication in vitro (81). 

In the presence of the pTP, the adenovirus DNA polymerase, the DBP and 
NF-I nascent adenovirus DNA chains are elongated to only about 25% of full 
length (20). Synthesis of complete adenovirus DNA strands requires an 
additional cellular protein, nuclear factor II (20). Nuclear factor II from HeLa 
cells has a native molecular weight of approximately 30,000 and copurifies 
with a DNA topoisomerase activity. Human or calf thymus topoisomerase I 
(but not E. coli topoisomerase I) will substitute for nuclear factoFffuTThe" 
adenovirus DNA replication reaction. The precise function of nuclear factor II 
in adenovirus DNA chain elongation is not yet clear. Since the protein has no 
significant effect on the synthesis of nascent strands up to 9 kb in length, it is 
presumably required to overcome the inhibitory effects of some DNA struc- 
ture that appears only after extensive DNA synthesis. 

SV40 DNA REPLICATION 

SV40 has proven to be an excellent model system for studying the mech- 
anisms of cellular DNA replication (88-91). The viral genome consists of a 
circular duplex DNA molecule of about 5000 base pairs and contains one 
origin of DNA replication. SV40 DNA replication takes place in the nucleus 
of the host cell where the viral genome is complexed with histones to form a 
nucleoprotein structure (minichromosome) indistinguishable from cellular 
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chromatin. Since SV40 encodes only a single replication protein (T antigen), 
the virus makes extensive use of the cellular replication machinery. As a 
result there are many similarities between viral and cellular DNA replication. 
In both cases initiation of DNA synthesis results in the establishment of two 
replication forks that move in opposite directions. At each fork one of the two 
nascent strands (the leading strand) grows continuously, while the other 
strand (the lagging strand) grows discontinuously by joining together small 
(ca. 200 bp) segments of DNA that are independently initiated with RNA 
primers. Completion of replication occurs when two oppositely moving forks 
meet. In linear cellular chromosomes -the two merging forks originate from 
adjacent origins, while in circular SV40 chromosomes they have a single 
origin. 

Much has been learned about SV40 DNA replication from in vivo studies 
(see reviews in Refs. 88-91). However, the recent development of an effi- 
cient cell-free replication system has greatly accelerated progress in un- 
derstanding the molecular mechanisms involved (92). An important dividend 'Z I- 
of the dissection of the cell-free system has been the identification and jjf fc " I 
functional characterization of components of the cellular replication appara- :j I i 
tus. Thus, this review focuses on in vitro studies. $ [i* 

:> 

Initiation of SV40 DNA Replication *j 

the origin of dna replication The SV40 origin of replication is a cr?' 
64-base-pair segment of the viral genome that contains all of the nucleotide £ 1 1 

sequence elements that are required for initiation of viral DNA replication in . 2 ? ' 

vitro and in vivo (93—106). Careful genetic analysis of base substitution ; ? 

mutations has revealed that the origin is complex, consisting of at least three * Sj { 

functionally distinct sequence domains (104-106). At the center of the origin 
.-.^im^^ffpp^ of a pentomeric sequence motif (GAGGC) organized as an 
inverted repeat. This sequence element is recognized by the viral initiation 
protein, T antigen (101 , 106-120). On one side of the T antigen-binding site 
is a 17-base-pair segment containing A/T base pairs (105). It is suspected that 
this is the initial site of strand opening during initiation of SV40 DNA 
replication. On the other side of the T antigen-binding site is a 15-base-pair 
imperfect palindrome of unknown function. All three sequence domains of 
the origin are required for SV40 DNA replication, and there is some evidence 
that the spacing between them is critical for origin function (104). 

Although the 65-base-pair core origin region is sufficient to support the 
initiation of SV40 DNA replication, sequences outside of the core can signifi- 
cantly influence the efficiency of initiation. A second T antigen-binding site 
located adjacent to the core origin increases replication efficiency several-fold 
both in vivo and in vitro (97, 101-103, 121 , 122). Of even greater importance 
are elements previously associated with the activation of SV40 transcription, 
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such as the SV40 enhancers or the binding sites for the transcriptional factor 
Sp-1 . The presence of either of these sequence elements adjacent to the core 
origin increases the efficiency of DNA replication in vivo at least 10-fold 
(99-103, 121, 123). For maximal stimulation of SV40 DNA replication, the 
transcriptional elements must be relatively close to the core origin. Insertion 
of 180 base pairs between the core origin and the Sp-1 binding sites com- 
pletely abolishes the effect (121, 124). As documented elsewhere in this 
review, the activation of DNA replication by enhancers and other transcrip- 
tional elements is not limited to SV40 and, in fact, appears to be a quite 
general feature of the replication of eukaryotic viruses. In the case of SV40, 
there is some evidence that the binding of transcriptional activator proteins 
affects replication indirectly by perturbing the local distribution of micro- 
somes, so that the DNA in the adjacent core region is relatively nucleosome- 
free. This presumably facilitates the interactions of the core origin with T 
antigen and other initiation proteins. Direct analysis of SV40 chromatin 
isolated from infected cells has revealed that the core origin region is less 
likely to be packaged into a nucleosome than other regions of the viral 
genome (124-129). In addition, studies of viral mutants have demonstrated 
that the genetic determinants of the nucleosome exclusion effect reside in the 
SV40 enhancer elements and the Sp-l-binding sites (99, 130, 131). Thus, 
although other models have not been ruled out, it seems likely that the 
stimulatory effect of the transcriptional elements is due, at least in part, to 
effects on chromatin structure. 

sv40 T antigen The SV40 T antigen is a virus-encoded phosphoprotein 
with a polypeptide molecular weight of 82,000 (88-91, 132, 133). The 
protein plays the central role in initiation of viral DNA replication. Binding 
studies suggest that a T antigen molecule binds to-fia^^QhcJour pentamer 
repeats in the origin to form an organized nucleoprotein structure that is 
competent for initiation (134, 135). The precise number of T antigen mono- 
mers involved in formation of the T antigen/origin complex is not known. At 
physiologic temperatures complex formation is greatly facilitated by ATP 
(136, 137). Binding of T antigen appears to cause significant changes in the 
local DNA structure of the origin. Chemical probes have revealed destabiliza- 
tion of the helix in the region of the imperfect 15-base-pair palindrome and a 
structural deformation of unknown character in the AT-rich region (138). 

Recently, considerable progress has been made in understanding the role of 
T antigen in the initiation of SV40 DNA replication. This is in large measure 
due to the discovery that T antigen has an intrinsic helicase activity (139). 
Once it is bound to the origin, T antigen is capable of entering the duplex and 
catalyzing the ATP-dependent unwinding of the two DNA strands (140-142). 
Unwinding appears to be a critical step that establishes the replication forks 
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and generates the substrate that is required for the priming and elongation of 
nascent strands. The helicase activity of T antigen may also be involved in the 
elongation process itself (see below). 

The unwinding reaction requires the presence of the AT-rich segment of the 
origin as well as the T antigen recognition site (143). Analysis of base 
substitution mutations in the AT-rich segment indicates that the precise 
nucleotide sequence of the segment, not just its base composition, is an 
important determinant of the efficiency of unwinding (105, 120, 143). One 
possible explanation for this observation is that T antigen makes sequence- 
specific contacts with the AT-rich domain during the course of the unwinding 
reaction. A second possibility is suggested by the finding that the AT domain 
induces a significant bend in the helix (105). Several single-base substitution 
mutations within the domain that reduce the efficiency of unwinding and 
replication also change the degree of net bending (105, 143). Thus, the 
conformation of the DNA in this domain may be critically important. For 
example, bending could contribute to the destabilization of the duplex in the 
AT domain or could facilitate the interaction of the domain with T antigen 
during entry or unwinding. 

cellular proteins In addition to specific nucleotide sequence elements, 
the T antigen-mediated unwinding reaction requires accessory proteins con- 
tributed by the host cell. For example, a single-stranded DNA-binding protein 
is required to prevent reassociation of the single strands exposed during 
unwinding (140-142). It seems likely that this function is normally fulfilled 
by a recently identified cellular protein designated replication protein A 
(RP-A or RF-A) (144, 145). RP-A has been purified to homogeneity, and the 
purified protein is absolutely required for SV40 DNA replication in the 
sag- *™ . ™ r econstituted cell-free system (144, 145). The protein consists of three tightly 
associated subunits of 70 kd, 32 kd, and 14 kd. The largest subunit binds 
specifically to single-stranded DNA (146). Heterologous single-stranded 
DNA binding proteins, such as E. coli SSB, will substitute for RP-A in the 
unwinding reaction (140, 141); however, E . coli SSB cannot replace RP-A in 
the complete DNA replication reaction, indicating that RP-A must play other 
roles in DNA replication (141). A single-stranded DNA-binding activity 
associated with polypeptides- of 72 kd and 76 kd has also been identified in 
protein isolated from HeLa cells (147). This activity stimulates SV40 DNA 
replication in vitro and may be related to RP-A. Although T antigen and RP-A 
appear to be the only proteins that are absolutely required for origin- 
dependent unwinding, recent evidence indicates that the efficiency of unwind- 
ing is increased significantly by a second cellular protein, designated RP-C 
(146). Although it seems likely that RP-C interacts with T antigen during the 
early stages of the reaction, its precise function is not yet clear. 
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Elongation of Nascent DNA Chains 

Fractionation of the cell-free SV40 system has yielded considerable informa- 
tion on the proteins involved in the elongation of nascent SV40 DNA chains. 

dna polymerase a Mammalian cells contain four distinguishable DNA 
polymerase activities designated a, (3, y, and 8 (148, 149). Of these, DNA 
polymerase a and probably DNA polymerase S are required for SV40 DNA 
replication (92, 146, 150-156). DNA polymerase a has long been considered 
to be the major replicative polymerase in animal cells and has been purified 
from a variety of sources by several laboratories (148, 150, 157). There is 
general agreement that the enzyme is composed of four distinct subunits (148, 
157). The largest subunit (180 kd) contains the polymerase active site. The 
large subunit of the Drosophila DNA polymerase a has also been shown to 
harbor a cryptic 3'— »5' exonuclease that serves a proofreading function 
during polymerization (158). The exonuclease activity is normally masked by 
a second subunit of the polymerase with a molecular weight of 70,000. The 
exonuclease activity has not yet been detected in enzymes from species other 
than Drosophila, but its presence seems likely given the apparent structural 
conservation of DNA polymerase a during evolution. The proofreading 
exonuclease activity is probably an important general feature of DNA 
polymerase a that contributes significantly to the fidelity of DNA replication. 
The smallest subunits of DNA polymerase a (50-60 kd) constitute a primase 
enzyme capable of synthesizing short RNA transcripts that can serve as 
primers for subsequent DNA chain elongation by the catalytic subunit (148, 
157, 159, 160). The mammalian DNA polymerase a is not a highly pro- 
cessive enzyme, as less than 100 nucleoti d es are po lymerized per binding 
event under the usual assay conditions (161-164). 

There is evidence that DNA polymerase a can form a specific complex 
with the SV40 T antigen. Thus, certain monoclonal antibodies against T 
antigen (or DNA polymerase a) will coprecipitate the two proteins from cell 
extracts (165, 166). The specificity of this interaction may play some role in 
determining the host specificity of SV40. For example, it has been observed 
that preparations of human DNA polymerase a, but not murine DNA 
polymerase a, can activate T antigen-dependent DNA replication in extracts 
of murine cells that are normally defective in SV40 DNA replication (151). In 
both lytically infected and transformed cells, T antigen is also associated with 
a cellular protein of unknown function referred to as p53 (167-169). Recent 
experiments suggest that murine p53 competes with DNA polymerase a for 
binding to T antigen (166). The significance of this observation is not yet 
clear. 
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dna polymerase S and pcna DNA polymerase 8 was originally dis- 
tinguished from DNA polymerase a because it contains a readily detectable 
3 —5 exonuclease activity (170). The two polymerases also differ from one 
another in their template preferences, chromatographic properties and 
sensitivities to various inhibitors (149, 170-174). Monoclonal antibodies 
against DNA polymerase a do not inhibit the activity of DNA polymerase 5 
and DNA polymerase 5 appears to lack an intrinsic primase activity Thus it 
appears likely that DNA polymerases a and 8 are distinct molecular entities 
However, since the structure of DNA polymerase 5 has not been characterized 
in detail, it remains possible that the twb polymerases share similar or 
identical subunits. 

A 37-kd protein that dramatically increases the activity of DNA polymerase 
8 with template/primers containing long single-stranded regions was recently 
purified to homogeneity (175). Interestingly, the 37-kd protein proved to be 
identical to a previously described polypeptide found specifically in pro- 
liferating cells and referred to as proliferating cell nuclear antigen (PCNA) or 
cyclin (153, 154, 176). In the presence of PCNA, DNA polymerase 8 is a 
highly processive enzyme capable of catalyzing the polymerization of at least 
1000 nucleotides per binding event (164, 175). PCNA has no effect on the 
activity or processivity of DNA polymerase a (164). 

It has been demonstrated by direct reconstitution that PCNA is required for 
efficient SV40 DNA replication in the cell-free system and is probably 
involved m DNA chain elongation (146, 152-154). In the absence of PCNA 
initiation of DNA synthesis at the origin occurs, but only short nascent 
strands, containing a maximum of a few hundred nucleotides, are syn- 
thesized. The requirement for PCNA suggests the possibility that DNA 
polymerase 5 may be involved in SV40 DNA replication, a view that is also 
supported by inhibitor studies. More direct evidence on this point has come 
from recent experiments suggesting that both DNA polymerase a and DNA 
polymerase 8 are required to reconstitute efficient DNA replication in the 
SV40 cell-free system (146). 

the two polymerase model If both DNA polymerase a and DNA 
polymerase 8 are involved in DNA replication, it would seem likely that they 
fulfill different functions. One can envision several possible ways" that two 
polymerases could divide the labor of replication, but one particularly in- 
teresting possibility is that DNA polymerase 8 serves as the leading strand 
polymerase and DNA polymerase « serves as the lagging strand polymerase 
(164). This model is consistent with the known biochemical properties of the 
two enzymes. The leading strand polymerase would be expected to be highly 
processive and would derive little benefit from an associated primase activity 
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The lagging strand polymerase, on the other hand, would require only mod- 
erate processivity, but would benefit enormously from a tightly associated 
primase activity. The model is also supported by recent studies indicating that 
PCNA, the accessory factor for DNA polymerase 5, is required for leading 
strand synthesis in the reconstituted SV40 DNA replication system (177). 

topoisomerases The roles of DNA topoisomerases in SV40 DNA 
replication have been investigated by depleting the cell-free system of 
topoisomerase activities with specific antibodies and then reconstituting with 
the purified enzymes (178). These experiments have demonstrated that DNA 
topoisomerase activity is absolutely required for SV40 DNA replication and 
have established two distinct roles for DNA topoisomerases in the replication 
process. One role is to act as a swivel to relieve superhelical tension that 
would otherwise hinder the unwinding of the parental strands as the replica- 
tion forks advance. Either of the two known mammalian DNA 
topoisomerases, topoisomerase I or topoisomerase II, can provide this func- 
tion. The second role is to mediate the separation of the newly synthesized 
daughter duplexes at the completion of DNA replication. In general, the links 
between the parental strands are not completely removed prior to termination 
of SV40 DNA synthesis, so the immediate products of replication consist of 
two circular DNA molecules that are multiply intertwined (179). The final act 
of replication is the segregation of these intertwined daughter molecules into 
two separate unlinked molecules. This reaction is catalyzed by topoisomerase 
II. It is of interest to note that genetic experiments in yeast indicate that the 
topoisomerases probably play these same two roles during the replication and 
segregation of cellular chromosomes (180-182). 

helicase Unwinding'tMi^pOTefrtd DNA ahead of the advancing replica- 
tion fork presumably requires the action of a helicase. The identity of the 
helicase activity required for fork movement during SV40 DNA replication 
has not been established with certainty. One reasonable possibility is that T 
antigen fulfills this function in addition to its role in unwinding the origin 
region prior to initiation of DNA synthesis (183). In the presence of a 
single-stranded DNA-binding protein, the intrinsic helicase activity of T 
antigen is capable of unwinding long segments of duplex DNA in a highly 
processive manner (142, 184, 185). Moreover, it has been reported that 
monoclonal antibodies that inhibit the helicase activity of T antigen also 
inhibit ongoing chain elongation in a subcellular SV40 DNA replication 
system (183). Studies with model substrates indicate that the T antigen 
helicase translocates in the 3' to 5' direction on single DNA strands (184, 
185). Thus, if T antigen is the helicase responsible for fork involvement, it 
would be expected to move along the leading strand. In contrast, all of the 
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prokaryotic helicases that are known to be directly involved in DNA replica- 
tion move along the lagging strand (185). 

It remains possible that a cellular DNA helicase, rather than T antigen is 
responsible for unwinding the parental strands at SV40 replication forks 
While helicase activities have been identified in extracts of eukaryotic cells it 
is not yet clear whether any of these activities are involved in SV40 (or 
cellular) DNA replication (186-188). It has also been reported that DNA 
polymerase 5 is capable of some degree of strand displacement during DNA 
synthesis, suggesting the possibility that a separate helicase activity may not 
be required (163). Alternatively, the helicase activity required for chromo- 
somal replication may reside in an as-yet-unidentified cellular protein. 

HERPES SIMPLEX VIRUS DNA REPLICATION 

The herpesviruses are DNA-containing viruses infecting a variety of animal 
species. Of the more than 80 different herpesviruses that have been isolated 
the most extensively characterized are the human viruses herpes simplex virus 
type 1 (HSV-1) and the closely related virus, HSV-2 (collectively HSV) 
HSV replicates lyrically in epithelial cells in infected individuals and in a wide 
variety of cultured mammalian cells. The molecular biology of HSV has been 
studied extensively and a great deal is known about the structure of the 
genome, and the arrangement and regulated expression of viral genes (re- 
viewed in Refs. 189-191). HSV DNA is a linear double-stranded molecule 
about 153 kb in size. The genome consists of two components, L and S, each 
of which is flanked by inverted repeat sequences (see Figure 2) Although the 
inverted repeats flanking the L and S components are different, they share a 
small terminal sequence (termed the "a sequence") so that HSV DNA is 
terminally redundant. During the course of viral replication, the two coTrT 
ponents invert relative to each other, so that purified viral DNA consists of an 
equimolar population of four isomers that differ in the relative orientations of 
L and S. It is clear that isomerization is not an obligatory feature of HSV 
DNA replication. Mutant viruses containing a deletion of sequences at the US 
junction are frozen in a single isomeric arrangement but nevertheless are 
viable and replicate DNA at normal, levels (192). The HSV genome has now 
been completely sequenced (193). Analysis of the sequence suggests that 
HSV encodes a minimum of 72 proteins. Splicing of HSV genes is very 
uncommon, a fact that has greatly simplified the genetic analysis of this virus 
(189-191, 193). 

Like all of the herpesviruses, HSV has the capacity to remain latent in an 
infected host. In the case of HSV, the cells that harbor the latent viral genome 
are neurons in sensory ganglia (reviewed in Refs. 194, 195). It is not yet 
known whether HSV, like some of the other herpesviruses that are latent in 
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dividing cells, has a regulated mode of DNA replication in the latent phase of 
infection; since neurons do not divide, however, there is no necessity for such 
a system. In this review we focus on the only documented mode of HSV DNA 
synthesis: the DNA synthesis that occurs during lytic growth of the virus. 

In Vivo Studies 

Studies of the overall mechanism of the HSV DNA replication in vivo have 
been hampered by the large size of the viral genome, but several important 
facts have emerged from analyses of the properties of replication in- 
termediates and from electron microscopic'examination of viral DNA isolated 
from infected cells (196-198). Replication intermediates have two character- 
istic properties. First, DNA pulse-labeled in vivo with 3H-thymidine sedi- 
ments more rapidly than unit length viral DNA (196). Second, pulse-labeled 
DNA is "endless"; i.e. the molecular termini of mature viral DNA are fused 
together (197, 198). On the basis of these observations, it has been proposed 
that parental linear viral DNA is circularized shortly after entry into the host 
cell, and that replication takes place predominantly by a rolling circle mecha- 
nism, generating linear concatamers of tandemly repeated viral genomes 
(197). Although this remains an attractive hypothesis, it is largely untested. 

Circularization of the incoming viral genome prior to the onset of DNA 
synthesis is certainly the simplest explanation for the complete lack of geno- 
mic termini in replicating DNA. In fact, unit-length circular genomes have 
been observed by electron microscopic analysis of viral DNA in infected cells 
(196). A comparison of the structure of the termini of mature DNA and L/S 
junction sequences suggests that circularization takes place by the direct 
ligation of the ends of linear viral DNA (199). 

The mechanism(s) responsible for the very rapid sedimentation properties 
of replicating viral DNA is less clear. Certainly rolling citi*B^p^epifeatk)n 
would account for such intermediates. Other means of generating fast- 
sedimenting DNA, however, are plausible. For example, it is possible that 
replication takes place by a "Cairns" type mechanism and that segregation of 
daughter molecules is slow (198). Alternatively, daughter molecules may be 
rapidly joined together by homologous recombination. There is some indirect 
evidence that is consistent with the latter possibility. First, the structure of 
replicating viral DNA may not be simple. Electron microscopic studies have 
suggested that much of the viral DNA in infected cells is composed of 
complex networks (196). Second, several studies have shown that HSV DNA 
in infected cells undergoes high levels of homologous recombination (200- 
202). The rate of recombination has been estimated at about 1-3% per kb per 
infectious cycle (200). This high rate of recombination is closely linked to 
DNA synthesis (203). By analogy with bacteriophage T4, which produces 
replication intermediates with very similar properties (204, 205), it is possible 
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that the networks are formed by a combination of DNA synthesis and 
recombination and that resolution of recombinational intermediates is a slow 
step. Clearly, this overall scheme alone could account for the sedimentation 
properties of pulse-labeled DNA, although recombination and rolling circle 
replication are, of course, not mutually exclusive. Recently developed tech- 
niques such as pulse-field gel elecrotrophoresis may provide a means to 
reevaluate some of these questions. 

Replication Origins 

The existence of cis-acting replication origins was first inferred from the 
structure of defective genomes (206-212), which arise during serial passage 
of HSV at high multiplicities of infection. Individual isolates of such de- 
fective genomes have several common features. They all consist of many 
tandemly repeated identical copies of small segments of viral DNA; the 
sequences present in a single repeat unit are not necessarily colinear with a 
single segment of viral DNA. Two classes of defectives were recognized 
(206-214). Class I defectives contain sequences from the short inverted repeat 
segment of the viral genome including the "a" sequence. Class II defectives 
contain sequences from near the middle of the long unique region, as well as 
the "a" sequence. It was proposed that the sequences present in defective 
genomes contain two cw-acting signals: an origin of replication, many copies 
of which would account for the selective advantage of defectives; and the "a" 
sequence, required for the formation of genomic termini from "endless" 
intermediates and for packaging of the DNA into infectious virions (212,215, 
216, 218, 219). This general picture of defectives has now been verified in 
several laboratories. Both the origin sequences and the cleavage/packing site 
have been cloned from the wild- type genome and analyzed in some detail. 
^ Th fca n a lysc s of origin sequences will be discussed below; since the cleavage/ 
packaging signal is not required for DNA replication per se, it will not be 
discussed further. The interested reader is referred to several recent publica- 
tions (221-223). 

As implied from the existence of two classes of defective genomes, HSV 
contains two distinct origin sequences (212). As mentioned, both of the 
sequences have been cloned from the wild-type viral genome (211-219, 
225-227). Plasmids containing either of these origin sequences are amplified 
when introduced into HSV-infected cells by transfection, and this transient 
plasmid amplification assay has formed the basis for most of the functional 
analyses of origin sequences. The origin present in class I-defective genomes 
has been designated ori s (216, 218, 219). Since it is located within the 
inverted repeat sequence of the short component of viral DNA, there are two 
copies of ori s in the HSV genome. The origin contained in class II-defective 
genomes, designated ori L , is located in the middle of the long unique com- 
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ponent of viral DNA (209, 214). The sequences of ori s and ori L are closely 
related (224, 227; see Figure 3). Both contain a rather extensive inverted 
repeat sequence, the central 18 base pairs of which are exclusively AT base 
pairs. The inverted repeat of ori L is considerably longer than that of ori s ; for 
this reason, plasmids containing ori L , but not ori s , are highly unstable in E. 
coli. Therefore, most of the functional analyses of HSV origin sequences have 
been done with ori s . As described below, the minimum sequences required 
for the function of ori s correspond well to the region of highest similarity with 
ori L (228). Thus it is likely that ori s and ori L are functionally equivalent, 
although direct evidence for this supposition iS currently lacking. The func- 
tional significance of three separate origins of replication in the HSV genome 
is not clear. Mutant viruses lacking ori L or one copy of ori s have been isolated 
and have no obvious defect in growth (229, 230). Attempts to construct a 
mutant virus lacking both copies of ori s have been unsuccessful to date; this 
seems to imply that virus replication requires at least one copy of ori s or, 
alternatively, at least two origin sequences, whether they be ori L or ori s . 
Additional genetic experiments will be required to answer these questions. 

Several laboratories have carried out deletion analyses of plasmids contain- 
ing ori s , somewhat conflicting results (218-220, 228, 231). In the most 
extensive recent study (228), the left-hand boundary of the minimal or core 
oris sequence was shown to lie between nucleotides 5 and 1 1 in the sequence 
shown in Figure 3, about 20 nucleotides to the left of the left arm of the 
palindrome. The right-hand boundary was located between nucleotides 74 and 
77, corresponding almost precisely to the outer border of the right arm of the 
central palindrome. As detailed below, the two arms of the palindrome 
contain binding sites for a viral-encoded protein required for DNA synthesis, 
UL9* Deletion of the central AT-rich component of the palindrome com- 
pletely eliminated DNA replication, as did repla^meimt of thf? central AT 
region with an equal number of GC base pairs. Insertion of AT base pairs at 
the center of symmetry had an oscillating effect on function, with a periodic- 
ity of approximately 10 base pairs. Taken together with studies on the 
interaction between the origin and the HSV origin binding protein (see 
below), these results suggest that that ori s is composed of at least four distinct 
domains: the two arms of the palindrome, which serve as binding sites for 
UL9; the central AT-rich region, which serves as a spacer between the 
protein-binding sites and, by analogy with other origin sequences, potentially 
as a site of protein-induced unwinding; and the 20 or so base pairs to the left 
of the palindrome, to which no precise function has as yet been ascribed. As 
noted earlier, ori L is very similar to ori s throughout this core region (see 
Figure 3). Moreover, because of the greater degree of symmetry in ori L , the 
left-most domain of ori s is represented twice in ori L . 

While there is general agreement among several laboratories that the left 
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arm of the palindrome and the AT-rich region at the center of the palindrome 
are essential components of ori s , there are conflicting results on the require- 
ment for the right arm of the palindrome. In contrast to the results of 
Lockshon & Galloway (228), Deb & Doelberg (231) have reported that a 
plasmid completely lacking the right arm replicates equally as well as a 
control plasmid containing the intact origin. Studies on the origin of another 
alpha herpesvirus, varicella zoster virus (VZV), provide some additional 
support for this view (232). HSV-infected cells support the replication of 
plasmids containing the VZV origin of replication at a level about 10% that of 
plasmids containing ori s . The VZV origin contains sequences homologous to 
the left arm of the HSV palindrome and a somewhat expanded AT-rich region 
to the right, but no sequences corresponding to the right arm of the ori s 
palindrome. Clearly, more work needs to be done to resolve the discrepancies 
in the identification of the minimal HSV origin sequence. 

The minimal HSV origin sequence, whether it includes the right arm of the 
origin palindrome or not, does not contain any obvious transcriptional regula- 
tory sequences. Both ori s and ori L are located between divergently transcribed 
genes (233-237), but there is no evidence that either the promoters for these 
genes or any upstream regulatory elements have any effect on origin function. 
There is evidence that sequences flanking the core origin sequence do have a 
modest stimulatory effect on the extent of DNA replication in the plasmid 
amplification assay (218, 219, 228), but whether or not these stimulatory 
sequences are related in any way to transcriptional enhancer sequences, as is 
the case for other origins, remains to be determined. There is a transcript in 
HSV-infected cells that extends through ori s (238). Neither the 5' nor 3' end 
of this transcript is located within sequences that have an effect on origin 
function. It has been suggested that this transcript plays a role in regulating 
DNA replication/ but no evidence supports this speculation as yet. 

Clearly, many questions remain concerning the HSV origins. By analogy 
with other better characterized systems, it seems likely that DNA replication 
begins at one or more of the origin sequences. There is no information as yet, 
however, on the molecular events by which HSV DNA replication is initiated. 
It seems likely that further insight into this process will await the development 
of a soluble, origin-dependent in vitro system. 

Genetics of Viral DNA Replication 

A large number of conditionally lethal mutants of HSV have been isolated and 
characterized over the past decade, and many of these mutants have defects in 
DNA synthesis (reviewed in Ref. 239). Some mutations, such as those 
occurring within the gene encoding an immediate early transcriptional regula- 
tory protein (240, 241), affect viral DNA synthesis indirectly, but many 
mutants apparently have defects directly affecting DNA replication. There are 
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inhibitor phosphonoacetic acid were shown to also have an anti-mutator 
phenotype (269). The biochemical properties of the mutant polymerases that 
account for this phenotype have not yet been determined. 

The other HSV DNA replication gene that has been extensively analyzed is 
that encoding a single-stranded DNA-binding protein (infected-cell polypep- 
tide 8, or ICP8). Temperature-sensitive mutants with amino acid substitutions 
in the ICP8 coding sequence fail to synthesize viral DNA at the restrictive 
temperature (246-248). Some mutant ICP8 proteins are defective in nuclear 
localization, while others have been shown to have a defect in DNA binding 
(270-273). Fine mapping of mutants that encode ICP8 proteins that do 
localize to the nucleus has revealed that at least some of the residues between 
346 and 450 are necessary for DNA binding (273). Several ts mutants with 
defects in ICP8 have also been shown to display altered sensitivities (at the 
permissive temperature) to drugs that inhibit the viral DNA polymerase (274). 
Finally, some ICP8 ts mutants overexpress certain late genes at the nonper- 
missive temperature (275, 276). Thus it is possible that ICP8 plays a role in 
the regulation of viral gene expression in addition to its role in viral DNA 
replication. It is not yet known whether such a regulatory function is related to 
the ability of ICP8 to bind to single- and double-standed nucleic acids, or 
whether it represents a completely unrelated activity. 

In ending this section on the genetics of viral DNA replication, it is 
important to note that although HSV contains only seven genes that are 
required for viral DNA replication in cultured cells, the virus clearly encodes 
several other proteins that are also likely to be involved in DNA metabolism. 
These include a thymidine kinase (277), a ribonucleotide reductase (278, 
279), a dUTPase (280), a uracil-N-glycosidase (281), and a nuclease (282, 
283). Genetic studies have shown that while mutations in these genes have 
^f^sindriOT no effects on viral DNA synthesis in infected cells in culture, 
they may cause profound defects in the ability of the virus to replicate 
following experimental infection of animals (284-286; S. K. Weller, personal 
communication). It is likely, therefore, that rapidly dividing cultured cells 
provide many functions that are lacking in the cells encountered by the virus 
during a natural infection. Whether host cells provide any functions necessary 
for DNA replication that are not encoded by the virus remains to be de- 
termined. 

Analysis of the Sequences of the HSV-1 Replication Proteins 

The complete sequences of two other human herpesviruses in addition to HSV 
have been determined: VZV, like HSV an alphaherpes virus (287); and EBV, 
a member of the more distantly related herpesvirus subgroup, the gam- 
maherpesviruses (288). These viruses have biological properties that differ 
markedly from HSV, but the available evidence suggests that DNA replica- 
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tion during the lytic growth of these and all herpesviruses occurs by fun- 
damentally the same mechanism. Thus it is of some interest to search the 
genomes of the less-well characterized herpesviruses for homologues to the 
HSV genes that are essential for DNA synthesis. A clear homologue of each 
of the seven HSV genes is present in the genome of VZV (257). Counterparts 
of four HSV genes (pol, ICP8, UL5, and UL52) with clear sequence similar- 
ity are present in the genome of the more widely diverged virus, EBV (257). 
Counterparts of the three remaining HSV genes can be proposed on the basis 
of genomic location alone, but for two of these, UL8 and UL9, they are 
markedly different in size. The functional significance of these similarities (or 
lack thereof) is not yet known. The lack of a clear counterpart in EBV of the 
HSV gene UL9, which encodes an origin-specific DNA-binding protein, is 
consistent with the fact that the lytic origin of EBV is not discernibly similar 
to the HSV origins (288a). It seems likely that as more information becomes 
available concerning the biochemical functions of the HSV replication pro- 
teins that these sequence comparisons will provide some useful insights into 
structure-function relationships. Conversely, knowledge of the function of the 
HSV genes should prove extremely useful in the analysis of the replication of 
the genomes of these other viruses. 

The predicted sequences of the HSV DNA replication proteins have been 
examined for the presence of several consensus elements (257). Three of the 
proteins were found to contain a motif associated with nucleotide binding sites 
(289): the DNA polymerase, UL5, and UL9. This motif was also conserved in 
the VZV homologues of these genes and in the EBV homologues of the DNA 
polymerase and UL5. More recently, UL5 (and the VZV and EBV homo- 
logues of UL5) has been shown to contain several additional regions of 
similarity with a large group of proteins that all have helicase function (289a, 
289b, 289c). It seems likely, therefore, thar0iL^^^helicase. 

Biochemical Analysis of Replication Proteins 

The complete characterization of HSV DNA replication will ultimately de- 
pend on the development of a soluble, origin-dependent in vitro system. No 
such system has yet been described, but it has been possible to carry out some 
biochemical analyses of selected replication proteins. By analogy with other, 
better characterized systems, it is possible to predict certain biochemical 
activities that might be involved in HSV DNA replication. Extracts of in- 
fected cells can thus be analyzed for the presence of virus-induced proteins 
with these activities, and if found, the proteins can be purified and further 
characterized. In addition, since the complete set of viral genes required for 
DNA synthesis is now known and the products of these genes identified using 
specific antisera (290), it is possible to purify these proteins without any prior 
knowledge or assumptions concerning their functions. The purified proteins 
can then be assayed for pertinent biochemical activities. 



698 CHALLBERG & KELLY 



DMA polymerase Extracts of HSV-infected cells contain a novel DNA 
polymerase activity (283, 291, 292). This activity is readily distinguished 
from the host DNA polymerases on the basis of its sensitivity to various 
inhibitors and by the fact that it is stimulated, rather than inhibited, by 
moderate concentrations of salt (292-295). As mentioned earlier, analysis of 
ts and drug-resistant mutants has clearly shown this enzyme to be virus- 
encoded. The HSV DNA polymerase has been extensively purified in several 
laboratories. As is the case with many other DNA polymerases, it has an 
intrinsic 3 ? -5 1 exonuclease activity that probably serves a proofreading func- 
tion to increase the fidelity of DNA syrithesis (294-296). The most highly 
purified preparations of the enzyme consist predominantly of a monomer of a 
single polypeptide chain of -140 kd in size (294, 295), in good agreement 
with the size of the product of the polymerase gene predicted from DNA 
sequence analysis (266, 297). An unusual property of the HSV polymerase is 
that it is highly processive in the absence of accessory factors (295). 

It is clear that the 140-kd polypeptide product of the polymerase gene itself 
has catalytic activity on simple primer templates such as activated DNA. As 
mentioned above, the most highly purified preparations of the polymerase do 
not contain any other polypeptide in stoichiometric amounts (but see below). 
In addition, catalytically active polymerase has been expressed by in vitro 
transcription/translation (295a) in yeast (295b) and in insect cells using a 
recombinant baculovirus (D. Coen, A. Marcey, P. Olivo, personal com- 
munication). It is not yet clear, however, whether there are other forms of the 
polymerase that contain additional accessory factors that increase the efficien- 
cy of the polymerase or modify its activity in some other way. It has been 
reported that the 140-kd polypeptide of HSV-2 co-purified with a 55-kd 
polypeptide (298). This 55-kd polypeptide has since been shown to be the 
product of the UL42 gene, one of the HSV genes that is essential for DNA 
synthesis (see below); the effect of the UL42 protein on the activity of the 
polymerase, however, has not yet been determined. 

single-stranded dna-binding protein ICP8 was recognized several 
years ago as an abundant HSV-induced protein of about 130 kd present in 
infected cells but not in virions (299, 300). ICP8 was shown to bind tightly to 
single-stranded DNA cellulose columns (301-305). Since, as indicated ear- 
lier, genetic evidence indicates that this protein is required for viral DNA 
synthesis, it seems reasonable to assume that the function of ICP8 is analo- 
gous to that of the gene 32 protein of bacteriophage T4 and the SSB protein of 
E. coli: namely, to bind to the single-stranded DNA formed at a replication 
fork by the unwinding of the parental duplex DNA, and to facilitate the use of 
these strands as templates for DNA polymerase. ICP8 in fact has many of the 
properties that are characteristic of this class of replication proteins: it binds 
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more tightly to single-stranded DNA than to double-stranded DNA (301- 
306); binding to single-stranded DNA is cooperative and is independent of 
sequence (305). It has been difficult, however, to obtain direct biochemical 
evidence that single-stranded DNA bound to ICP8 is a better template for the 
HSV DNA polymerase than naked DNA. It has been reported that purified 
ICP8 has a small (no greater than twofold) stimulatory effect on the activity of 
purified HSV DNA polymerase using activated DNA as template (307). 
Surprisingly, however, ICP8 was shown to inhibit the activity of the 
polymerase on a long single-stranded DNA template (306). Obviously, a 
great deal more work needs to be done concerning the function of ICP8 and its 
interaction with other replication proteins. 

The isolation several years ago of a monoclonal antibody against ICP8 
(308) stimulated a detailed analysis of its intracellular localization (272, 309, 
310). As expected from its essential role in DNA replication, ICP8 is local- 
ized predominantly in the nucleus (309-3 11). Under conditions in which viral 
DNA synthesis is inhibited, ICP8 is located in small discrete foci that contain 
newly replicated host-cell DNA (272, 272a). During DNA synthesis, ICP8 
was found to move from these small foci to larger, more globular areas that 
are the sites for viral DNA synthesis (272). It has been suggested that one 
function of ICP8 may be to organize the structure and composition of these 
different compartments (272a). Whether all the viral replication proteins are 
found at these sites remains to be determined. 

origin-binding protein A protein that binds specifically to the HSV 
origins of DNA replication has been identified in extracts of HSV-infected 
cells (312). This protein has now been purified to near homogeneity by site 
affinity chromatography (313). It consists of a single major polypeptide of 
about 83 kd. The origin-b inding p rotein has recently been shown to be the 
product of the HSV gene UL9, one oi the seven genes that are essential for 
DNA replication. The UL9 protein was expressed in insect cells using a 
baculovirus expression system, and the recombinant UL9 protein was shown 
to interact with ori s in a manner indistinguishable from that observed with the 
origin-binding protein purified from HSV-infected cells (314). Although the 
size of the UL9 protein predicted from DNA sequence analysis is 94 kd (257), 
the observed size of the protein expressed both by the recombinant baculovi- 
rus and in HSV-infected cells is 83 kd (313, 314). Sedimentation analysis of 
the purified recombinant protein suggests that it is a dimer in solution (M. D. 
Challberg, unpublished). 

The purified UL9 protein binds to ori s at two nearly identical sites, located 
on each arm of a palindrome (313, 314). Filter binding studies with synthetic 
double-stranded oligonucleotides corresponding to the two sites have shown 
that the intrinsic affinity for the site on the left arm is about 10 times greater 
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than for the site on the right arm (313). Methylation interference experiments 
and a comparison of different binding sites suggest that the recognition 
sequence for UL9 is contained within the eight-base-pair sequence 
GTTCGCAC (315; M. D. Challberg, unpublished). It has been proposed 
(315) that the recognition sequence is GT (T/G)CG, which is contained twice 
within the eight-base-pair recognition domain as inverted repeats that share a 
two-base overlap. There is as yet no direct evidence in support of this 
proposal. It is consistent with the fact that purified UL9 does form a stable 
dimer, and with the fact that UL9 has a lower affinity for the binding site on 
the right arm of the ori s palindrome, in which one of the inverted pentamers 
differs from the canonical sequence. 

Although the intrinsic affinity of the binding sites for UL9 on the two arms 
of the ori s palindrome differ, DNase I footprint analysis of the interaction of 
purified UL9 with the complete ori s sequence suggests that the affinity of 
UL9 for the two sites is equal (313, 314). Moreover, deletion of the UL9- 
binding site on the right arm of the palindrome reduces the affinity of UL9 for 
the binding site on the left arm (M. D. Challberg, unpublished). These results 
suggest that there is a cooperative interaction between the protein bound at the 
two sites. It is not yet known whether this cooperativity has any functional 
significance, although the reported effect of insertions into the AT-rich region 
between the two UL9-binding sites is intriguing. As mentioned earlier, a 
series of mutant origins (228) have been constructed in which n copies of the 
AT dinucleotide were inserted into the center of the AT-rich region of ori s . As 
n increases from 0 to 8, replication first sharply decreases to a minimum at 
n=3, then rises to a maximum at /i=5 or 6, then decreases again. It is possible 
that this oscillation in activity reflects a requirement for the UL9 protein 
bound on each arm of the palindrome to be located on the same side of the 
DNA helix. This arrangement may be necessary to accommodate critical^ 
UL9-UL9 interactions. However, in view of the report that the right arm of 
the oris palindrome has no effect at all on origin function (231; see above), 
this question bears further investigation. 

There is now good evidence to indicate that the carboxy-terminal portion of 
the UL9 protein contains the DNA-binding domain. The carboxy-terminal 37 
kd of UL9 has been expressed in £. coli as a fusion protein. This truncated 
UL9 protein still binds specifically to DNA fragments containing ori s (N. 
Stow, personal communication). There is also preliminary evidence that a 
truncated form of UL9 (of unknown size) containing the carboxy terminus and 
retaining ori s -binding activity can be isolated from HSV-infected cells (N. 
Stow, personal communication; A. Koff, P. Tegtmeyer, personal com- 
munication). It is not yet known whether this truncated form has any biologi- 
cal function. 

The role of UL9 binding in HSV DNA replication is not known. By 
analogy with other prokaryotic and eukaryotic replication origin recognition 
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proteins, the binding of UL9 to ori s and ori L may initiate the assembly of a 
rnultiprotein replication complex. Alternatively, or additionally, UL9 may be 
involved in unwinding the two parental strands at the origin as a prelude to the 
initiation of daughter strand synthesis. This latter possibility is strengthened 
by the observation that the predicted amino acid sequence of UL9 contains a 
consensus ATP-binding sequence similar to that found in the S V40 T-antigen 
and the E. coli dna A protein (M. D. Challberg, unpublished). There is no 
convincing evidence as yet, however, that the UL9 protein binds or hydro- 
lyzes ATP, or is capable of unwinding DNA at the HSV origins. Since the 
protein can now be produced in large quantities, the answer to some of these 
questions should be forthcoming. 

helicase/primase Infection of cells with HSV induces novel helicase and 
primase activities (316, 317). Recently, these two activities have been puri- 
fied to homogeneity (J. Crute, I. R. Lehman, personal communication); both 
helicase and primase activities are components of a three-subunit enzyme 
composed of the products of the UL5, UL8, and UL52 genes. The helicase 
can utilize either ATP or GTP as a cofactor for unwinding. The activity of the 
helicase on model substrates suggests that it moves in the 5 1 to 3 1 direction on 
the strand to which it is bound. Thus, this enzyme may prime lagging strand 
synthesis as it unwinds DNA at a replication fork. The activities of the 
component polypeptides of the complex have not yet been determined, 
although as mentioned above, UL5 contains several sequence motifs that are 
shared by helicases. 

double-strand ed PN A-BINPING protein As mentioned above, puri- 
fied preparations ot tlf^H^V-2 DNA polymerase were reported to contain two 
major polypeptides: the 140-kd product of the polymerase gene, and a 55-kd 
protein (294). It has since been demonstrated that this protein is the product of 
the UL42 gene (318-320), which genetic experiments have shown to be 
required for viral DNA synthesis (254, 256, 257). The UL42 protein has now 
been purified from HSV-1 -infected cells in several laboratories, but its func- 
tion remains obscure (320; C. Wu, M. D. Challberg, unpublished). As 
indicated earlier, this protein is not required for the catalytic activity of the 
HSV DNA polymerase. Immunoaffinity purification of the UL42 protein has 
provided evidence that there is an interaction between UL42 and the 
polymerase (320). The functional significance of this interaction remains to 
be determined. The UL42 protein binds strongly in a sequence-independent 
fashion to double-stranded DNA (320; C. Wu, M. D. Challberg, un- 
published). The nature of this binding and its effects on DNA structure have 
not been detailed. It is not known whether DNA binding is an essential 
component of the function of UL42 in DNA synthesis. 
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BOVINE PAPILLOMAVIRUS DNA REPLICATION 

The papillomaviruses are a group of small DNA-containing viruses that are 
associated with epithelial tumors in a variety of animal species (reviewed in 
321-324). Although most of the cells in such tumors contain many copies of 
the viral genome in a latent state, the tumor cells contain no infectious virus; 
productive infection by these viruses appears to be confined to terminally 
differentiated keratinocytes. It has not yet been possible to propagate any of 
the papillomaviruses in a cell culture system. A subset of the papillomavi- 
ruses, however, of which bovine papillomavirus type 1 (BPV-1) is the most 
extensively studied, also induce fibropapillomas in their natural hosts, and 
this subset readily transforms established rodent fibroblast cell lines in culture 
(325, 326). As in the case of naturally occurring tumors, transformed rodent 
cells contain the viral genetic information in a latent state. Only a subset of 
viral genes are expressed in transformed cells (327-329), and no infectious 
virus is produced. Most of the information on the molecular biology of the 
papillomaviruses has come from a study of this model in vitro cell culture 
system. 

The BPV-1 genome is a covalently closed, circular, double-stranded DNA 
molecule of 7945 base pairs (330, 331). All of the open reading frames 
(ORFs) of at least 400 base pairs are located on one strand, and all of the 
mRNA species detectable both in transformed cells and in productively 
infected bovine fibropapillomas are homologous to that same strand (327- 
329). A 5.4-kb subgenomic fragment of BPV-1 DNA is sufficient for 
transformation of rodent cells in vitro (332). Within the transforming frag- 
ment there are eight open reading frames (El through E8) contained within a 
4.5-kb segment (330, 331). On the 5' side of these ORFs there is an 
approximately 1-kb segment that contains no large open readinfTf^^^^ffif™ 
segment (the long control region, or LCR; also referred to as the upstream 
regulatory region) appears to contain a number of cw-acting regulatory ele- 
ments, including several transcriptional promoters (328, 333), a transcription- 
al enhancer that is activated by one of the E2 gene products (334, 335), and 
the origin of DNA replication (333, 336, 337; see below). 

Although the arrangement of ORFs deduced from DNA sequence analysis 
has provided a useful starting point for the analysis of viral gene products, 
there is clear genetic and biochemical evidence to suggest that the number and 
structure of viral proteins cannot be predicted solely from the DNA sequence 
of the genome. Analysis of viral mRNAs by electron microscopy and cDNA 
cloning has revealed a number of mRNAs formed by complex splicing 
patterns (328, 329). Thus, some viral proteins may correspond to a single 
ORF, others to only a portion of a single ORF, and yet others to combinations 
of ORFs. It has been possible to predict the primary sequence of some viral 
proteins from sequence analysis of cloned cDNAs. In addition, segments of 
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several ORFs have been expressed in bacteria and the resulting proteins used 
to produce specific antisera for the direct analysis of viral proteins in trans- 
formed cells (338-340). Several viral proteins have now been identified, but 
much remains to be learned. 

In cells transformed by BPV or cloned BPV DNA, the viral DNA is 
maintained extrachromosomally as a stable multicopy plasmid in the cell 
nucleus (341). As detailed below, the available evidence suggests that only a 
single viral gene product is directly involved in viral DNA synthesis; it seems 
likely, therefore, that viral DNA replication is carried out largely by host cell 
proteins. Moreover, the copy number of BPV plasmids appears to be tightly 
controlled, and there is evidence that each BPV genome replicates once and 
only once per cell cycle (342). Thus, BPV appears to represent a useful model 
for analyzing the mechanisms involved in regulating DNA replication in 
higher eukaryotes. 

BPV DNA Replication In Vivo 

The site at which DNA replication initiates has been determined from studies 
of the structure of replicative intermediates (336). Covalently closed viral 
DNA was isolated from hamster cells transformed by wild-type BPV and 
analyzed by electron microscopy. Circular molecules with two forks and no 
free ends were observed. By measuring molecules cleaved with various 
single-cut restriction enzymes, the position of the replication eye in such 
intermediates was localized to map position 6940 ± 5%. Thus, replication of 
latent BPV genomes initiates within the LCR and proceeds by way of 
Cairns-type intermediates. Since predominantly early intermediates were an- 
alyzed in this study, it was not possible to determine whether fork movement 
takes place in one or both directions from the origin following initiation. 

Oiice ;: tlite li BPV genome is established as a plasmid in a transformed cell 
line, its copy number is maintained at a constant level. Hence, there must be / 
some mechanism that ensures that there is an exact, or nearly exact, doubling [ ! 
of BPV DNA during each cell cycle. There are several different ways in 1 ; 
which a constant average copy number could be maintained. One possibility 
is that viral DNA replication could be limited by the availability of some 
required factor. Viral genomes would replicate at random until this factor was 
exhausted, and then replication would cease until the factor was replenished 
during the next cell cycle. A prediction of this model is that some DNA 
molecules would replicate more than once during a cell cycle, and a similar 
fraction would not replicate at all. An alternative model is that each viral 
genome replicates once and only once per cell cycle. A requirement of such a 
model is that some mechanism exists that distinguishes between those viral 
genomes that have undergone a round of DNA replication and genomes that 
have yet to be replicated. The mode of replication of BPV DNA has been 
analyzed by means of density labeling experiments (342). Mouse cells trans- 
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formed by BPV and containing an average of —150 viral genomes per cell 
were labeled with bromodeoxy uridine during exponential growth. At in- 
tervals, plasmid DNA was isolated and analyzed by density gradient 
centrifugation. The results of this experiment clearly showed that during one 
cell cycle, nearly all of the viral DNA shifted to the hybrid density expected of 
molecules that had undergone a single round of semiconservative DNA 
synthesis; essentially no viral DNA with the density expected for molecules 
that had undergone more than one round of replication was observed until the 
cells were labeled for a period longer than a single cell division cycle. The 
simplest interpretation of this experiment is* that the overwhelming majority of 
viral DNA molecules replicate once and only once per cycle. Very different 
results, however, were obtained in a variation of this experiment in which the 
density-labeled cells that had completed S-phase were selected by mitotic 
shake-off (343). In this experiment, up to 20% of the viral DNA labeled 
during a single S-phase banded at the density indicative of molecules that had 
undergone multiple rounds of DNA replication. The reason for the discrep- 
ancy between these results is not clear. It is possible that certain cell culture 
conditions may promote the transient appearance of cells in which viral DNA 
replication becomes unregulated. A small percentage of such cells could 
potentially result in the appearance of a relatively high proportion of viral 
DNA molecules that had undergone multiple rounds of DNA synthesis. 
Whatever the explanation for the latter results, it seems clear that under at 
least some conditions, BPV DNA replicates once and only once per cell 
cycle. Thus, in this respect, BPV DNA replication appears similar to chromo- 
somal DNA replication. 

Genetic Analysis of DNA Replication 

cis~acting elements Two distinct cw-acting sequences in the BPV 
genome have been found to allow autonomous replication of plasmid DNAs 
in the presence of BPV gene products. These elements were first identified by 
cloning fragments of BPV into a vector expressing the gene encoding neomy- 
cin resistance (333). The cloned DNAs were then introduced into mouse cells 
transformed by BPV, neomycin-resistant colonies were selected, and the 
physical state of the marker gene was analyzed. In most cases, the plasmid 
DNA was found to be integrated into the chromosomal DNA. Two small 
segments of BPV DNA (plasmid maintenance sequences; PMS) gave rise to 
neomycin-resistant colonies in which the marker gene was maintained as an 
extrachromosomal nuclear plasmid. When these same plasmids were in- 
troduced into untransformed mouse cells (not containing any additional BPV 
sequences), they failed to replicate extrachromosomally; hence, autonomous 
replication also requires fra/w-acting BPV gene products (see below). 
One of the plasmid maintenance sequences, PMS-1, was mapped to a 
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521 -bp segment (nucleotides 6945-7476) within the LCR. The other, PMS-2, 
was mapped to a 140-bp region (nucleotides 1515-1655) within the El ORF. 
The function of these sequences is not known with certainty. PMS-1 is located 
very near to the position at which the origin of replication of BPV was 
mapped (336). It seems likely, therefore, that PMS-1 is the site at which DNA 
replication is initiated. The sequences of PMS-1 and PMS-2 contain a region 
of extensive homology (333). Therefore, it seems reasonable to assume that 
PMS-2 may also function as an origin of replication. In the electron 
microscopic analysis of replication intermediates described earlier, no mole- 
cules with replication eyes centered on PMS-2 were observed. It is possible 
that initiation of replication at PMS-2 is much less efficient and, in the 
presence of PMS-1 , does not occur at a measurable frequency. An analysis of 
replicative intermediates of plasmids that contain PMS-2 but lack PMS-1 has 
not been reported. 

There is evidence to suggest that the plasmid maintenance sequences may 
serve other functions in addition to a role in the initiation of replication. 
Plasmids containing either PMS are stably maintained in cells at a constant 
copy number in the absence of selection. This observation implies that the 
PMS elements may contribute to the controlled partitioning of plasmids 
during cell division (333). In addition, the PMS may function as part of a 
system that suppresses integration of plasmid DNA. As mentioned, when 
recombinant plasmids containing PMS-1 or PMS-2 linked to a selectable 
marker are introduced into BPV-transformed cells, the marker gene is invari- 
ably found as an extrachromosomal plasmid. When the same recombinants 
are used to transfect untransformed cells, the marker gene is always inte- 
grated. Moreover, if a plasmid containing PMS-1 or PMS-2 is introduced into 
transformed cells together with an unlinked selectable marker gene, the 
^?J*«r gene is integrated, while the plasmid containing the PMS is again 
found as an extrachromosomal plasmid (333). 

The sequences necessary for the function of PMS-1 have been analyzed in 
detail by looking at the effect of various mutations in PMS-1 on the ability of 
plasmids to replicate transiently following transfection into BPV-transformed 
cells (347). This transient replication system very likely corresponds to the 
amplification of viral DNA that must occur during the establishment of a 
stable final copy number of —200 from a single infecting genome. Two ) 
distinct domains of PMS-1 have been identified by this means. Domain 2/ 
(nucleotides 7116-7224) completely overlaps the region of homology with( 
PMS-2. Domain 1 (nucleotides 6707-6848) appears to be a transcriptional \ 
enhancer: the function of domain 1 is independent of its orientation and exact \ 
distance away from domain 2, and can be replaced by known enhancer \ 
elements of other viruses. Whether the function of domain 1 in DNA replica- / 
tion relates in any way to transcriptional enhancer function is not known. In 
this context, however, it is also of interest that domain 2 also contains 
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transcriptional regulate. y signals. An mRNA start site (called PI) has been 
located within domain 2 at nucleotide 7186 (344). Deletion analysis has 
revealed that the controlling elements required for transcription initiation at 
this site are located downstream of the site of initiation of transcription, also 
within the boundaries of domain 2. Deletion of 23 base pairs between 
nucleotides 7187 and 7234 was shown to abolish both PMS-1 -dependent 
DNA replication and transcription from PI . On the basis of these results it has 
been suggested that a cellular transcription factor(s) required for transcription 
from PI may also play a key role in the initiation of DNA replication. 
According to this model, the function of the domain 1 enhancer element is to 
potentiate the binding of the appropriate transcription/replication factors to 
domain 2. It is not known whether an enhancer element is also required 
for stable plasmid replication. It is also unclear whether PMS-2 will sup- 
port transient replication, and if so, whether such replication also depends 
on the presence of an enhancer element. There is no known transcription- 
al start site in the vicinity of PMS-2. Therefore, it seems unlikely that 
there is an obligatory requirement for transcription per se in PMS function, 
although there is no evidence to rule out the possibility that transcription 
from PMS-2 takes place on plasmids that lack PMS-1. An evaluation of the 
role that transcription factors and/or transcription play in the various as- 
pects of BPV DNA replication will almost certainly depend on the develop- 
ment and biochemical analysis of a PMS-dependent in vitro replication 
system. 

trans-acting viral gene products The BPV genes involved in DNA 
replication have also been investigated using both transient assays and assays 
involving the establishment of stable extrachromosomal plasmids. Deletion 
mutants lacking ORFs E2, E3, E4^an^Jg^9^lM>wn to be capable of 
autonomous replication (333). Mutations in other ORFs have now defined 
three different complementation groups of mutants that are defective in 
autonomous replication, and two additional groups of mutants in which the 
control of plasmid copy number is altered (337, 345-347). 

Mutants with lesions in the 3 r portion of the El ORF transform cells with 
the same efficiency as wild-type DNA, but the mutant DNA is invariably 
integrated into the chromosomal DNA of the transformed cell rather than 
replicating as an autonomous plasmid (345). These mutants (called rep" or 
R") also fail to replicate transiently following transfection, and cells trans- 
formed by R~ mutants do not support the transient replication of plasmids 
containing PMS elements. Autonomous replication by R~ mutants can be 
complemented in both transient assays and stable transformation assays by 
mutants in other complementation groups. Thus, the 3* portion of the El ORF 
encodes a protein that may be directly involved in BPV DNA replication. The 
product(s) of the R gene has not yet been identified. 
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Mutants with lesions in the 5' portion of the El ORF define a second 
complementation group (referred to as modulator" or M~) that are defective 
in autonomous replication (348, 349). These mutants transform cells with 
very much lower efficiency than wild-type DNA. As in the case of R" 
mutants, the mutant DNA is always integrated into the chromosomal DNA of 
transformed cells. Unlike R~ mutants, however, these mutants replicate as 
well as wild-type BPV DNA in transient assays. M~ mutants therefore define 
a function that is required for plasmid maintainance but not DNA synthesis 
per se. There is additional genetic evidence (see below) that the M function is 
a repressor that is required to prevent "runaway" replication of the BPV 
replicon. The available evidence strongly suggests that even though the M 
function and the R function are both encoded in the same open reading frame 
(El), these two functions are the products of two distinct genes (348). First, 
the two groups of mutants complement each other fully. When R~ mutants 
are cotransfected with M" mutants, both mutant genomes replicate in tran- 
sient assays, and stably transformed lines derived from such transfections 
contain both genomes as extrachromosomal plasmids. Second, frame shift 
mutations in the M gene, at the 5 1 end of the El ORF, do not affect R 
function. Finally, the product of the M gene has been identified in BPV- 
transformed cells using antisera prepared against the amino-terminal portion 
of the El ORF expressed in E. coli (340); the apparent size of the M protein 
on SDS gels is 23 kd, significantly smaller than the predicted size of the 
complete El ORF (68 kd). Spliced mRNAs that could account for the 
synthesis of an amino-terminal truncation of the El ORF have been identified. 

Recently, a third complementation group of mutants with properties in- 
termediate between those of R" and M~ mutants has been identified (M. 
Lusky, personal communication). These mutants have lesions in the E8 ORF, 
which is completely embedded within the El ORF in a different translational 
reading frame. Missense mutations in the E8 ORF that leave the El ORF 
unaltered have been constructed by in vitro mutagenesis. These mutants 
transform cells at the same efficiency as wild-type DNA. As in the case of 
both R" and M~ mutants, the mutant DNA is not maintained as an extra- 
chromosomal plasmid. These mutants therefore define another viral product 
that is essential for plasmid maintainance. E8 mutants are able to replicate 
DNA in transient assays, although at a reduced rate compared to wild-type or 
M" mutants. E8 mutants complement R" mutants in transient assays and both 
R~ and M" mutants in assays for stable autonomous replication. The protein 
responsible for the function lacking in these mutants has not yet been identi- 
fied. 

Mutations in the E6 and E7 ORFs do not affect the ability of BPV to 
replicate as an autonomous plasmid, but can result in a nearly 100-fold 
reduction in plasmid copy number, from about 200 to 1-5 genomes per cell 
(345). Analysis of cDNA clones has revealed two classes of mRNAs that 
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contain sequences from this region. One class contains the E6 ORF intact, and 
the other class contains a splice that joins a portion of the E6 ORF to a portion 
of the E7 ORF to generate a putative E6/7 fusion protein. Mutants with 
lesions that specifically affect either the E6 product or the E6/7 product can 
complement each other and so define two distinct genes; however, both 
groups that display this altered copy number phenotype are collectively 
referred to as cop" mutants (345, 347, 348). When cells are transfected with 
cop" mutants, the mutant genomes initially replicate to high copy number, 
but with continued passage of the transformed cells the copy number gradual- 
ly declines to 1-5 copies per cell (347). This copy number is then maintained 
stably for many generations. The mechanism by which the E6 and E6/7 genes 
exert an influence on copy number is not known. Analysis of many individual 
subclones derived from a single transformed cell has shown that this low 
average copy number of cop - mutants is not due to a gross defect in 
segregation. It has been reported that the E6 and/or the E6/7 genes influence 
the activity of the enhancer element in PMS-1 (L. Turk, quoted in Ref. 347). 
Since the promoter for the M and R genes lies within PMS-1, it is possible 
that the cop genes affect the level of expression of the other genes that are 
involved in autonomous DNA replication. Alternatively, the level of expres- 
sion from the promoter within PMS-1 may directly affect the initiation of 
DNA replication. 

Complementation tests with E6 and E6/7 mutants have shed some light on 
the functions of some of these genes. When E6 or E6/7 mutants are cotrans- 
fected with wild-type BPV DNA or with mutants in other complementation 
groups, both DNAs replicate transiently and become established as high- 
copy-number plasmids (345, 347, 348). Hence, the E6 and E6/7 gene prod- 
ucts function in trans. On the other hand, if cells are first transformed with a 
cop" mutant and then supeftesisfe^ed^ith wild-type DNA, the wild-type 
DNA is not amplified transiently and becomes established at low copy 
number (349). This result suggests that wild-type BPV encodes a function that 
represses plasmid amplification, and the cop gene products play some role in 
controlling the level of this repressor once stable plasmid copy number has 
been established. The available evidence suggests that the M gene encodes 
this repressor. When an M~ mjutant is used to supertransfect cells carrying a 
low-copy-number mutant, the incoming M-DNA is transiently amplified but 
the resident low-copy mutant genome is not (347). The simplest explanation 
for this result is that the product of the M gene represses plasmid amplifica- 
tion, but in the steady state the protein is sequestered in some fashion so that it 
cannot readily work in trans on newly introduced DNA. In this context, it is 
also of interest to note that when cotransfected into cells along with a 
selectable marker, M" mutants decrease the efficiency of transformation 
nearly 100-fold. This low transformation efficiency may well be due to a 
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lethal effect of unconstrained replication of the M~ replicon, which lacks a 
critical negative element of the copy number regulatory system 

It is clear that BPV encodes a regulatory system that acts to repress 
amplification of viral DNA when plasmid copy number reaches a certain 
critical level (100-200 copies per cell). There is also evidence that the BPV 

JSSS! T C u haniSm ° an funCti ° n With a heter °'°gous replication origin 
A hybrid replicon was constructed containing the 5 4-kb BPV- 
transforming fragment and the SV40 origin of replication. This chimeric 
molecule was introduced into cells expressing the SV40 T-antigen. Transient 
amplification of this hybrid plasmid was. suppressed relative to a control 
plasmid containing the SV40 origin but lacking the BPV sequences even 
when both plasmids were introduced simultaneously into the same cells In 
addition, it was possible to establish stable cell lines in which the hybrid 
plasmid was maintained at a constant copy number. Density transfer ex- 
periments showed that as in the case of latent BPV genomes, once the steady 
state copy number of the hybrid plasmid was reached, every plasmid repli- 
cated once and only once per cell division cycle. Two BPV elements were 
required in cis for the suppressive effect on replication. One element coin- 
cided with PMS-1 and the other was near PMS-2. At least one BPV gene 
product is required in trans. Deletions removing the 5' portion of the El gene 
abo ished the suppressive effect on replication, and supressed replication 
could be restored by cotransfection with wild-type BPV DNA It therefore 
seems likely that the M gene is part of a BPV regulatory system that can 
repress DNA replication from a heterologous origin when it is linked to 
specific BPV cry-acting sequences. It will be of considerable interest to 
elucidate the mechanisms by which this regulatory system interacts with the 
cellular replication machinery. 
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Abundant Expression of Herpes Simplex Virus Glycoprotein gB Using an Adenovirus Vector 
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Herpes simplex virus type 1 (HSV-1 ) glycoprotein B (gB) is a major component of infected cell membranes and virion 
envelopes. Glycoprotein B is known to be essential for entry of viruses into cells and may play important roles in 
virus-induced cell fusion and other alterations in cell morphology. In order to study the biochemical and immunological 
properties of gB in isolation from other HSV-1 polypeptides we have constructed human adenovirus vectors capable of 
expressing high levels of gB. The gB gene was coupled to the SV40 early promoter and inserted into the E3 region of 
two adenovirus vectors, one in which the E1 region was deleted (AdgB-1) and another which contained E1 sequences 
(AdgB-2). In AdgB-1 the orientation of the chimeric gB-SV40 gene was right to left, i.e., opposite to the direction of late 
and E3 mRNA transcription, whereas in AdgB-2 the orientation was left to right. Human 293 cells which express E1 
functions supported replication of AdgB-1 and gB was expressed in these cells but not in mouse cells and only at very 
low levels in human cells other than 293. Replication of AdgB-2 was not limited to 293 cells and the virus was able to 
induce synthesis of gB at levels equal to or higher than those expressed in HSV-1 -infected human or mouse cells. 
Microscopic examination of AdgB-2-infected cells revealed extensive vacuolization in a manner completely uncharac- 
teristic of adenovirus-infected cells, and fluorescent antibody staining indicated that gB was not only present at the cell 
surface but also concentrated in the cytoplasmic vacuoles. © 19S8 Academic Press, inc. 



INTRODUCTION 

Glycoprotein B (gB) is one of a number of membrane 
proteins specified by herpes simplex virus type 1 
(HSV-1) which are present in host membranes and in 
the virion envelope (reviewed in Spear, 1 984). There is 
good evidence that gB is an essential component of 
the virion envelope, being involved in membrane fusion 
events required for virus penetration into cells (Bzik ef 
aL, 1984; Cai et aL, 1987; Little and Schaffer, 1981; 
Sarmiento era/., 1979). It is also likely that gB is in- 
volved in changes in the social behavior of infected 
cells since HSV-infected cells round up, clump to- 
gether, and, depending on the strain of virus and cell 
type, fuse with one another or form syncytia (Hoggan 
and Roizman, 1959; Manservigi et aL, 1977; Spear 
1984), and certain syncytial (syn) mutations have been 
mapped to the gene encoding gB (Bizik ei aL, 1984; 
DeLuca et aL, 1982; Sarmiento et aL, 1979). In addi- 
tion, although viruses with mutations in the gB gene 
can bind to cells, evidence has been presented that gB 
may play a role in virus attachment to cells (Johnson ef 
aL, 1984). The essential role or roles carried out by gB 
may also be important in the replicative cycles of other 
herpesviruses because gB homologs have been de- 
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scribed for a number of human (Gong ef aL, 1987; 
Pellet ef aL, 1985a; Edson et aL, 1985; Emini ef aL, 
1987) and animal herpesviruses (Snowden et aL, 
1985). 

There is good evidence that gB, as well as other viral 
glycoproteins, plays an important role in the host im- 
mune response. Neutralizing antibodies are produced 
against gB in infected animals and polyclonal antisera 
to gB mediate immune cytolysis of HSV-infected cells 
(reviewed in Spear, 1984). In addition, purified gB can 
stimulate human memory T lymphocytes (Torseth et 
aL, 1987; Zarling et aL, 1986) and helper T cells in- 
duced by purified gB can protect mice against HSV-1 
infection (Chan et aL, 1985). However, there is also 
evidence that gB is not a major target for cytotoxic T 
lymphocytes in mice (Glorioso et aL, 1985; Rosenthal 
etaL, 1987). 

A number of different cell lines expressing HSV-1 gB 
have been described (Arsenakis etaL, 1936; Cai ef aL, 
1987; Pachl etaL, 1987; Rosenthal etaL, 1987). Cells 
constitutively expressing gB were able to complement 
viruses carrying mutations in the gB gene (Arsenakis ef 
aL, 1 986; Cai ef aL, 1987) and a secreted form of gB 
was purified from medium conditioned by hamster 
ovary cells transfected with a truncated form of the gB 
gene (Pachl etaL, 1987). However, it is our experience 
that the expression of gB in mouse and human cell 
transformants is much lower than in HSV-infected 
cells (Rosenthal ef aL, 1987; D. C. Johnson, unpub- 
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lished results). Adenovirus vectors have proven useful 
for achieving high-level expression of a variety of for- 
eign genes and have the advantage over transformed 
cell lines that one can obtain expression under a vari- 
ety of different conditions by varying such parameters 
as the host cell or the multiplicity of infection. Viral 
vectors have the additional advantage of allowing for 
expression of foreign antigens in vivo to study immu- 
nological effects and may offer the possibility of devel- 
opment of novel vaccines. We have constructed ade- 
novirus 5 (Ad5)-based vectors containing and ex- 
pressing gB coding sequences for use in studies on 
the effects of high-level expression of gB in various 
host cells in the absence of other HSV gene products 
and for in vivo studies on the immunological properties 
of adenovirus expression vectors. 

MATERIALS AND METHODS 
Cells and viruses 

Wild-type Ad5, Sub54, and AdgB-2 were grown in 
HeLa or KB cells and titered on 293 cells as described 
(Graham et aL, 1978). AdgB-1 was grown and titered 
on 293 cells (Graham et aL, 1977) which were main- 
tained in Joklik's modified medium supplemented with 
10% horse serum. The human osteosarcoma cell line 
R970-5 (Rhim et aL, 1975) (obtained from K. Huebner 
and C. Croce, Wistar Institute, and here referred to as 
R970 cells) and Vero cells were grown in minimum 
essential medium-a (a-MEM) supplemented with 7% 
fetal calf serum. Mouse LTA cells (Graham et aL, 
1980; Kit et aL, 1963) and Z4 cells (Persson et aL, 
1985) were grown in a-MEM supplemented with 10% 
fetal calf serum. HSV strain F (obtained from P. G. 
Spear, University of Chicago) was propagated and ti- 
tered on Vero cell monolayers. 

Construction of plasmids 

Restriction endonucleases and other DNA mod- 
ifying enzymes were purchased from Bethesda 
Research Laboratories (Burlington, Ontario) or 
Boehringer-Mannheim, Inc. (Dorval, Quebec), and 
were used according to the vendor's recommenda- 
tions. Xba\ linkers were purchased from Pharmacia 
Ltd. (Dorval, Quebec). All plasmids were constructed 
by standard protocols (Maniatis etaL, 1 982) except for 
plasmids containing circularized adenovirus DNA 
which are generated according to methods described 
elsewhere (Ghosh-Choudhury et aL, 1987; Graham, 
1984;. Ruben et aL, 1983). Bacterial strains (HB10l! 
LE392, and HMS174) were made competent for 
transformation by CaCI 2 treatment (Mandel and Higa, 
1 970). Plasmid DNA was prepared by the alkaline lysis 



method of Birnboim and Doly (Birnboim and Doly, 
1979) for both small-scale preparations and large- 
scale purification. Large-scale preparations were puri- 
fied further by CsCI-ethidium bromide density gradient 
centrifugation. 

Transfection of 293 cells and screening of 
recombinant viruses 

Subconfluent monolayers of 293 cells were trans- 
fected or cotransfected with appropriate plasmids (as 
shown in Figs. 1 and 2) using the calcium technique 
(Graham and van der Eb, 1973). After 8-10 days 
plaques were picked and grown in 293 cells, and virus 
DNA was analyzed by restriction enzyme digestion 
and agarose gel electrophoresis to identify recombi- 
nant vectors. Candidate plaque isolates were twice 
plaque purified and reanalyzed prior to preparation and 
use of large-scale virus stocks. 

Radiolabeling and preparation of cellular extracts 

HeLa, 293, R970, LTA, and Z4 cells growing in 35- 
or 60-mm dishes were infected with AdgB-1 , AdgB-2, 
or HSV-1 using 5, 1 0, 50, 1 00, or 500 PFU per cell of a 
given virus as indicated in the figure legends; after 2 hr 
of adsorption the virus innoculum was removed and 
a-MEM + 2% fetal calf serum was added. Cells in- 
fected with HSV-1 were labeled from 4 to 12 hr post- 
infection and those infected with AdgB-1 or AdgB-2 
were labeled from 20 to 36 hr postinfection; in each 
case the cells were washed twice with medium lack- 
ing methionine and then labeled using medium 199 
lacking methionine and containing 25 /*Ci/ml [^me- 
thionine. HSV-, AdgB-1-, and AdgB-2-infected cells 
were pulse-labeled at various times after infection by 
first washing the monolayers three times with medium 
199 lacking methionine and incubating the cells with 
[ 35 S]methionine (1 00 M Ci/ml) for 1 0 min in medium 1 99 
lacking methionine. The cells were immediately ex- 
tracted with 2 ml (35-mm dishes) or 5-ml (60-mm 
dishes) 50 mM Tris-hydrochloride (pH 7.5)-100 n\M 
NaCI-1% Nonidet-P40 (NP-40)-0.5% sodium deoxy- 
cholate (DOC)-1 mg of bovine serum albumin (BSA, 
Sigma Chemical Co., St. Louis, MO)/ml-0.1 mg of 
aprotinin (Sigma)/ml-0.5 mMphenylmethylsulfonyl flu- 
oride (PMSF, Sigma)/ml (NP-40-DOC extraction 
buffer). Extracts were frozen at -20° until immunopre- 
cipitations were performed. 

Pulse-chase experiments and trypsin treatment of 
cell surfaces 

R970 cells grown in 35-mm dishes were labeled for 
1 0 min with [ 35 S]methionine (1 00 MCi/ml) or labeled for 
10 min and incubated with medium containing excess 
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unlabeled methionine for various times and then im- 
mediately extracted with NP-40-DOC extraction 
buffer. In other experiments the monolayers were 
washed twice with phosphate-buffered saline (PBS: 1 0 
mMNa 2 HP0 4 , 1.5 mMKH 2 P0 4 , 140 mM NaCI, 3 mM 
KCI, 1 mM MgCI 2 , 1 mM CaCI 2 , pH 7.4) following the 
pulse or chase period and then incubated with 1 .5 ml 
of PBS or 1.5 ml PBS containing trypsin (0.5 mg/ml: 
type XIII, Sigma)' for 10 min at 37° PMSF (7.5 10 
mg/ml in EtOH) was added immediately and then the 
cells were washed twice with 50 mM Tris-hydrochlo- 
ride (pH 7.5), 1 00 mM NaCI containing soybean trypsin 
inhibitor (2.5 mg/ml; Sigma), BSA (5 mg/ml; Sigma), 
aprotinin (0.2 mg/ml; Sigma), and 1 .0 mM PMSF at 4°. 
The cells were extracted in NP-40-DOC extraction 
buffer and extracts frozen at -20°. 

Immunoprecipitation and gel electrophoresis 

Immunoprecipitations of gB synthesized in HSV-1 -, 
AdgB-1 -, and AdgB-2-infected cells were performed as 
described previously (Johnson and Feenstra, 1987). 
Cell extracts were sonicated, clarified by centrifuga- 
tion, and incubated for 1-2 hr at 4° with rabbit anti-gB 
serum No. 67 (Johnson and Spear, 1 982) provided by 
P.G. Spear (University of Chicago) or with mouse 
monoclonal antibody 1 5/3B2 provided by Dr. S. Bac- 
chetti (McMaster University), which precipitates 
HSV-1 and HSV-2 gB. Protein A-Sepharose beads 
(Pharmacia) were added and the mixture was incu- 
bated for 1 to 2 hr at 4° on a rotating wheel after which 
the beads were washed three times with RIPA buffer: 

50 mM Tris-hydrochloride (pH 7.2), 150 mM NaCI, 
0.1% sodium dodecyl sulfate (SDS), 1% NP-40, 0.5% 
DOC; and precipitated proteins were eluted with two- 
fold-concentrated sample buffer (100 mM Tris-hydro- 
chloride, pH 8.3, 4% SDS, 4% a-mercaptoethanol, 
20% glycerol, bromphenol blue). Samples were elec- 
trophoresed in 8.5% /V,/V-diallyltartardiamide (DATD) 
crosslinked polyacrylamide gels as described by Heine 
ef a/. (1 974) at 60 V for 1 6 hr. Gels were infused with 2, 
5-diphenyloxazole (PPO) by the procedure of Bonner 
and Laskey (1974) and then dried and placed in con- 
tact with Kodak XAR film. 

51 and primer extension analysis 

Cytoplasmic RNA was prepared from HSV-1 in- 
fected R970 cells (7 hr postinfection with 10 PFU/cell) 
and from AdgB2-infected R970 cells (36 hr postinfec- 
tion, 20 PFU/cell) according to Berk and Sharp (1977). 
In each hybridization reaction, 20 fig cytoplasmic RNA 
was used. The probe used for S1 analysis was a 189- 
nt double-stranded fragment, extending from an Rsa\ 
site within the gB coding sequences to an Nco\ site 



upstream of the SV40 TATA box, 5'-end-iabeled at the 
Rsa\ site (see Fig. 6). Hybridization under R-looping 
conditions (80% formamide, 56°) and S1 digestion 
were carried out as described (Smiley ef ai, 1987). 

Primer extension experiments used a 5'-end-labeled 
synthetic primer (5'-ACGTGAGATATACGCCGGGCG- 
GGTA-30 purchased from the Central Facility of the 
Institute of Molecular Biology and Biotechnology, 
McMaster University. The 5'-end of this primer corre- 
sponds precisely to the 5'-end of the DNA fragment 
used for S1 analysis. Primer extension using AMV re- 
verse transcriptase was as previously described (Smi- 
ley el aL, 1987). S1 digestion products and primer 
extension products were fractionated on 8% DNA se- 
quencing gels. 

Light microscopy and immunofluorescence 

R970 cells grown on glass coverslips in 35-mm 
dishes were infected for various times with HSV-1 (5 
PFU/cell), AdgB-2 (20 PFU/cell), or Sub54 (20 PFU/ 
cell), fixed with methanol, stained with Wright Giemsa 
stain, and mounted in 70% glycerol: 30% PBS on glass 
microscope slides. The slides were viewed and pho- 
tographed using bright field optics with a Zeiss micro- 
scope. Immunofluorescence experiments were per- 
formed with cells grown on glass coverslips, infected 
as above, and fixed with 3.7% formaldehyde in PBS for 
30 min at 20°. The cell monolayers were washed twice 
with PBS, incubated for 20 min with 50 mM NH 4 CI in 
PBS, and then in some cases permeabilized with 0.1% 
Triton X-100 in PBS for 10 min at 22°. The cells were 
washed twice with PBS containing 0.2% gelatin and 
0.3% BSA (PBS/gelatin/BSA), incubated in PBS/gela- 
tin/BSAfor 1-16 hr, and then incubated with 100 \A of 
PBS/gelatin/BSA containing 5 yS of 1 50B2 ascites fluid 
for 1 hr at 22°. The coverslips were washed three 
times with PBS/gelatin/BSA, incubated with affinity-pu- 
rified, fluoresceinated rabbit anti-mouse IgG (Cappel 
Laboratories, Cochranville, PA) for 1 hr at 22°, and 
then washed three times with PBS. The coverslips 
were mounted in 50% (v/v) glycerol-50% (v/v) PBS 
containing p-phenylenediamine (10 pJm\) and viewed 
and photographed using a Zeiss fluorescence micro- 
scope. 

RESULTS 

Construction of AdgB-1 and expression of gB in 
AdgB-1 -infected cells 

An adenovirus containing the HSV-1 gB gene under 
the control of the SV40 early promoter and lacking E1 
sequences was constructed as described in Fig. 1. 
The plasmid pSV2gB containing gB structural se- 



4 



JOHNSON ET AL 




Fig. 1 . Outline of the construction of AdgB-1 . Plasmid pSV2gB (Rosenthal et a/., 1 987) was digested with EcoR\ and BamH\, treated with the 
Klenow fragment of DNA polymerase I, and ligated to Xba\ linkers. The resulting plasmid, pSV2gBX-l 3, was digested with Xba\. treated with calf 
intestinal alkaline phosphatase and ligated to Xoal-digested pGGC145. Plasmid pGGCl45 is infectious when transfected onto 293 cells and 
contains Ad5 oVEl ,3 sequences and an insert of pPB3, a plasmid containing the neomycin-resistance gene and the X cos packaging sequences 
(Ghosh-Choudhury et at., 1987). The resulting plasmid, pGGC161, contains the pSV2gBX-13 sequences inserted at the single Xbal site of 
pGGC 1 45 in place of pPB3. Plasmid pGGC 1 6 1 was cotransfected with pXCA3 (containing the left 1 6% of Ad5 and a deletion of E 1 sequences 
between a PvuW site at 450 bp and a BgiW site at 3328 bp) into human 293 cells in 60-mm dishes. Plaques were picked and expanded and viral 
DNA was analyzed by restriction enzyme digestion. The Hin6\\\ fragments of AdgB-1 are shown below. Fragments A. C. D. F, H, and I are 
identical to wild-type Ad5 H/ndlll fragments, B* is 1 0.0 kb in size and includes pSV2gBX-1 3 sequences inserted at the unique Xoal site, and E' is 
3.2 kb. Stippled boxes represent HSV-1 gB sequences, open boxes represent SV40 sequences, the closed box in pGGCl45 represents the 
coding sequences for the neomycin resistance gene and the hatched box in pXCA3 represents the left 16% of Ad5 with a deletion in E1 
Restriction sites: BamH\ (B), EcoRI (E), Hin6\\\ (H), PvuW (P), Xoal (X), X/iof (Xh). the Hin6\\\fXho\ junction (H/Xh), and the junction of Ad5 ends (J) 
are indicated. Numerals indicate locations in the wild-type Ad5 genome in map units. 



quences fused to the SV40 early promoter has been 
described previously (Rosenthal et al., 1 987). A Xba\ 
site was generated in pSV2gB by collapsing the EcoR\ 
and BamH\ sites around an Xba\ linker and the result- 



ing plasmid, pSV2gBX-13, was inserted in its entirety 
in place of pPB3 sequences in the infectious plasmid 
PGGC145 (Ghosh-Choudhury etal., 1986). The result- 
ing plasmid, pGGCl61, contained Ad5 c//E1 ( 3 (Haj- 
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Ahmad and Graham, 1986) sequences with deletions 
in the E1 region (1.0-10.6 map units) and E3 region 
(78.5-84.7 map units) and an insertion of pSV2gBX-1 3 
(6.0 b) at the Xba\ site in E3. Because Ad5 d/El,3 
carries extensive deletions totalling 5349 bp we exr 
pected that inserts as large as 7-7.5 b could be in- 
serted and viruses able to replicate on 293 cells could 
be isolated. However, repeated attempts to produce 
infectious virus by transfection of 293 cells with 
pGGC161 failed. We subsequently discovered that by 
restoring the coding sequences for protein IX the 
packaging capacity of our adenovirus vectors could be 
increased and infectious recombinants could be re- 
covered (Ghosh-Choudhury etaL, 1 987). We therefore 
cotransfected 293 cells with pGGCl61 and pXCA3, 
which contains the left 16% of Ad5 and a deletion of 
E1 sequences which leaves the protein IX gene intact 
(see Fig. 1). Virus plaques (three to four per 60-mm 
dish) appeared after 6 to 8 days and several were 
picked and viral DNA from these was analyzed by re- 
striction enzyme digestion. All of the virus isolates 
contained the DNA structure outlined in Fig. 1 and one 
virus, AdgB-1 , was used in further experiments. 

LTA, HeLa, and 293 cell monolayers were infected 
with AdgB-1 at various multiplicities of infection 
(m.o.i.). After 24 hr 293 cells infected with 10, 100, or 
500 PFU/cell showed signs of infection whereas the 
other cells were normal in appearance. AdgB-1-in- 
fected cells were labeled with [ 35 S]methionine 8 hr 
after infection, cell extracts were prepared at 24 hr, 
and gB was immunoprecipitated with a rabbit poly- 
clonal anti-gB serum. In 293 cells we detected gB as 
well as the immature form of the glycoprotein, pgB, 
and found that the synthesis of the glycoprotein was 
greatest at high multiplicities of infection (Fig. 2). How- 
ever, we were unable to detect synthesis of gB in 
AdgB-1 -infected LTA or HeLa cells at these relatively 
early times after infection (Fig. 2). It appeared that the 
virus did not replicate well in these cells and even after 
60 hr the cells showed little sign of virus cytopathic 
effect. This result was not unexpected because the 
virus lacked the E1 region of adenovirus which is es- 
sential for replication in cells other than 293. 

Construction of AdgB-2 and expression of gB in 
human and mouse cells 

In order to isolate an adenovirus vector able to repli- 
cate and direct the synthesis of gB in cells other than 
293 cells we constructed a vector containing both 
pSV2gB and E1 sequences. Since this necessitated a 
reduction in the size of inserted DNA, a second Xba\ 
site was engineered at the unique Nde\ site of 
pSV2gBX13 so that the SV40 promoter and gB struc- 
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Fig. 2. Expression of gB in AdgB-1 -infected cells. HeLa, 293. and 
LTA cells grown in 60-mm dishes were infected with AdgB-1 using 
10. 100, or 500 PFU per cell and then labeled with p 5 Sjmethionine 
at 8 hr postinfection. Cell extracts were made at 24 hr. postinfection 
and gB was immunoprecipitated with rabbit polyclonal anti-gB 
serum No. 67 (Johnson and Spear. 1982). The precipitated proteins 
were eluted and electrophoresed in 8.5% DATD-crosslinked poly- 
acrylamide gels which were infused with PPO. dried, and placed in 
contact with Kodak XAR film. The right side of the figure shows 
protein molecular weight markers of 200. 97, 68. and 45 kDa. The 
left side indicates the positions of gB and the immature form of gB, 

pgB. 



tural sequences could be excised from the plasmid 
with Xba\ and inserted into the Xba\ site of pFGdXI 
which contains the right 40% of adenovirus type 5 
(Ad5) and a deletion of E3 sequences (Haj-Ahmad and 
Graham, 1986). The resulting plasmid pgBdX17 was 
cotransfected with pFG154neo, which contains the 
entire adenovirus genome but is not infectious, pre- 
sumably because the pPB3 insert at the EcoRI site (76 
m.u.) disrupts the protein VIII gene. Recombination 
between Ad5 sequences in pgBdX17 and pFG154neo 
in the region of 59.5-76.0 map units was therefore 
expected to yield an infectious virus containing the 
SV2gB sequences. Approximately 8 days after trans- 
fection a single plaque appeared on 293 monolayers. 
This plaque displayed a markedly different morphology 
from that of wild-type Ad5 virus with highly vacuolated 
cells bordering the plaque. Viral DNA from this isolate 
was analyzed using restriction enzymes and found to 
have the structure shown in Fig. 3. The resulting virus, 
designated AdgB-2, was plaque purified and propa- 
gated in HeLa and KB cells for further study. 
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Fig. 3. Construction of AdgB-2. Plasmid pSV2gBXX was constructed from pSV2gX-1 3 (Fig. 1) by digesting with Nde\, treating the DNA with 
the Klenow fragment of DNA polymerase I and ligating Xba\ linkers into the gapped DNA. The 4 J-kb Xba\ fragment of pSV2gBXX was purified 
from an agarose gel and ligated to X6al-digested pFGdXI which contains the right 40% of Ad5 o7E1,3 (Haj-Ahmad and Graham. 1986). The 
resulting plasmid was named pgBdXI 7. Plasmid pFG1 54neo contains an insert of pMX2 at the Xba\ site (78.5/84.7 m.u.) of Ad5 o7E3, an insert 
of pPB3 sequences at the EcoRl site (76.0 m.u.) of Ad5 oYE3. and has Ad2 sequences extending from the left end of the virus to a position at 
41-50 m.u. The derivation of this plasmid will be described in more detail elsewhere. 293 cells were cotransfected with pFG154neo and 
pgBdX17 and after 8 days a single plaque appeared. The plaque was isolated, a virus stock was grown on HeLa cells, and viral DNA was 
analyzed by restriction enzyme digestion. Restriction sites Hind\\\ (H), £coRI (E). PvuW (P), Saf\ (S). Xoal (X), Xho\ (Xh) are shown where relevant. J 
represents the junction of Ad2 (left end) and Ad5 (right end) termini, stippled boxes indicate HSV-1 gB DNA, and open boxes indicate adenovirus 
DNA in plasmids pFGdXI, pFG154neo, and pgBdX17 or the SV40 promoter in pSV2gBXX and pPB3. 



HeLa and 293 cells were infected with AdgB-2 and 
labeled with [ 35 S]methionine, and gB was immunopre- 
cipitated from cell extracts with anti-gB serum (Fig. 
4a). With this vector, gB was expressed in both 293 
and HeLa cells by 24 hr postinfection. The level of 
expression of gB in 293 cells was higher than in HeLa 
cells at this relatively early time, most probably be- 
cause the replication of the virus progressed more 
rapidly in 293 cells. In subsequent experiments we 
compared the levels of gB synthesis in AdgB-2-in- 
fected. human R970, mouse LTA, or Z4 cells (Persson 
et al., 1985) to levels produced by corresponding 
HSV-1 infections (Fig. 4b). AdgB-2 induced readily de- 
tectable amounts of gB in R970 ceils infected with 5 



PFU/cell and even higher levels of gB when 50 PFU/ 
cell was used. In all of the human cell lines infected 
with AdgB-2, polyclonal anti-gB serum precipitated a 
prominant band of approximately 50 Da as well as less 
prominant bands which are most probably derived by 
limited proteolysis of gB during extraction (Zezutak and 
Spear, 1984). In addition, though mouse LTA and Z4 
cells both expressed gB after infection with AdgB-2, 
levels of expression in these mouse cell lines were 
much lower than in human cells and extensive mor- 
phological changes in mouse cells were not observed. 
We also noticed that the ratio of gB to pgB was greater 
in AdgB-2 than in HSV-infected L cells. Similar results 
have been observed with L cell lines transfected with 
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the HSV-2 gD gene (Johnson and Smiley, 1985) and 
the HSV-1 gB gene (Rosenthal et ai, 1987) versus 
cells infected with HSV-1. 

Kinetics of gB expression in AdgB-1- and AdgB-2- 
infected cells 

To compare the kinetics and levels of synthesis of 
gB during infections with AdgB-1 , AdgB-2, and HSV-1 , 
R970 cells were pulse-labeled with [ 35 S]methionine at 
various times after infection. The time course of ex- 
pression of gB in HSV-1 -infected cells followed the 
expected kinetics: gB was not detected at 3 hr postin- 
fection; synthesis (detected as pgB) peaked at about 
1 0 hr but continued until after 20 hr postinfection (Fig. 
5). A small amount of gB was expressed in AdgB-1 -in- 
fected cells but only after 60 hr consistent with the 
results obtained previously (Fig. 2). The replication of 
E1 -deficient mutants of adenovirus on human cells is 
very slow (Nevins, 1981) but sufficient to account for 
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Fig. 4. Expression of gB in human 293, HeLa, or R970 cells and 
mouse LTA or Z4 cells infected with AdgB-2 or HSV-1 . (a) 293 cells 
or HeLa cells were left uninfected (mock) or were infected with 
AdgB-2 (10 PFU/cell). After 20 hr the monolayers were washed 
twice with medium lacking methionine and labeled with [^Sjmethio- 
nine. Four hours later cell extracts were made and gB was immuno- 
precipitated with rabbit anti-gB polyclonal serum No. 67. (b) Human 
R970 cells and mouse LTA and Z4 cells were infected with AdgB-2 
(5 or 50 PFU/cell) or HSV-1 (10 PFU/cell). At 28 hr postinfection 
(AdgB-2) or 4 hr postinfection (HSV-1) the cell monolayers were 
washed twice with medium lacking methionine and labeled with 
[ 35 S]methionine for 8 hr. Cell extracts were made and gB was immu- 
noprecipitated with monoclonal antibody 15j3B2. Precipitated pro- 
teins were electrophoresed on potyacrylamide gels. The exposure of 
lanes involving mouse LTA or Z4 cells was four times longer than for 
R970 cells in (b). The postions of the mature (gB) and immature (pgB) 
forms of the glycoprotein are indicated on the left. Molecular weight 
markers of 200, 97, 68 and 44 kDa are indicated on the right. 



the low level of expression of gB at late times in 
AdgB-1 -infected cells. In contrast, the synthetic rate of 
gB in AdgB-2-infected cells was equal to or greater 
than that in HSV-1 -infected cells. Synthesis of gB in 
AdgB-2-infected R970 cells did not peak until approxi- 
mately 39 hr postinfection and did not drop dramati- 
cally late in the infection, even after 60-72 hr postin- 
fection when cells began lifting off the dishes. Analysis 
of steady-state levels of gB in AdgB-2- versus HSV-1 - 
infected cells using Western blotting indicated that 
there was approximately as much gB in AdgB-2-in- 
fected cells at 43 hr postinfection as in HSV-1 -infected 
cells at 20 hr postinfection (results not shown). 

Analysis of AdgB2 gB-related transcripts 

The rationale for using the chimeric gB construct 
from pSV2gB in which gB coding sequences were 
linked to the SV40 early promoter was that gB expres- 
sion might be driven by the SV40 promoter when the 
chimeric gene was inserted into an Ad5 genome. 
However, fragments of the SV40 large T antigen are 
transcribed from the E3 and major late promoters of 
Ad2 in Ad2-SV40 hybrid viruses (reviewed in Klessig, 
1984), and a hepatitis B surface antigen gene inserted 
into the E3 region is driven from upstream Ad pro- 
moters in recombinant viral strains (Morin et aL, 1 987). 
Thus, it was possible that gB was expressed in a simi- 
lar fashion in the AdgB2 vector which carries the gB 
coding sequences in the same orientation as the 
major late and E3 promoters. To determine whether 
the SV40 promoter was utilized in AdgB2 infections, 
gB-related transcripts were studied by S1 nuclease 
mapping and primer extension. 

The S1 probe and primer used in these experiments 
share a common 5'-end, and were therefore predicted 
to generate comigrating products of ca. 140 nt if the 
SV40 promoter element is used (Fig. 6). We were un- 
able to detect such transcripts using RNA from 
AdgB-2-infected cells. Instead, AdgB-2 RNA gave rise 
to two protected fragments of 189 and 155 nt in S1 
nuclease mapping experiments (lane 1). The 189-nt 
signal corresponds to fully protected probe, indicating 
that many gB-related transcripts initiated upstream of 
the SV40 promoter element. The 155-nt signal maps 
just downstream of the SV40 TATA box, at a site up- 
stream of the predicted initiation site of SV40 pro- 
moter-driven mRNAs. Primer extension analysis of 
AdgB-2 RNA generated a heterogeneous family of 
products (lanes 3 and 4), all of which were consider- 
ably larger than that predicted for RNAs initiated from 
the SV40 promoter element (1 40 nt). Because we were 
unable to detect primer extension products corre- 
sponding to the S1 signal at ca. 1 55 nt, we conclude 
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Fig. 5. Time course of gB expression in HSV-1-, AdgB-1-, and AdgB-2-infected cells. R970 cell monolayers were infected with HSV-1 (10 
PFU/cell), AdgB-1 (20 PFU/cell), or AdgB-2 (20 PFU/cell) and after various times (hr p.i.) the monolayers were washed three times with medium 
lacking methionine and pulse-labeled with [ 35 S]methionine for 10 min. Cell extracts were made and gB was immune-precipitated with mono- 
clonal antibody 150B2. The lanes showing gB synthesis in AdgB-1 -infected cells were exposed to film six times longer than those for HSV- and 
AgB-2-infected cells. The position of pgB, the immature form of gB, is shown at right and positions of molecular weight markers of 200, 97, and 
68 kDa are shown at left. 



that this S1 signal is most likely derived from one or 
more spliced RNAs initiated upstream of the SV40 pro- 
moter element. Control experiments in which mRNA 
prepared from HSV-1 -infected cells was used gave the 
expected results: an S1 product of ca. 74 nt corre- 
sponding to the break in complementarity between 
HSV-1 gB mRNA and the probe derived from the 
SV40-gB chimeric gene, and a primer extension prod- 
uct of 110 nt, corresponding to the known 5'-end of 
HSV-1 gB transcripts. Thus, the results shown in Fig. 6 
indicate that the SV40 promoter was not being utilized 
to any significant extent in AdgB-2-infected cells, and 
suggest that expression of gB is due to promoters 
mapping to the left of the gB-SV40 gene (such as the 
E3 or major late promoter). The precise structure of 
gB-encoding transcripts in AdgB-2 is a subject for fur- 
ther study. 

Subcellular localization of gB in AdgB-2-infected 
cells 

HSV glycoproteins are processed and transported 
to the surfaces of cells transfected with glycoprotein 
genes (Arsenakis et aL, 1986; Johnson and Smiley. 
1985), although there is evidence that this transport is 
more rapid in the absence of HSV infection (Johnson 
and Smiley, 1985). To examine the subcellular distri- 
bution of gB in AdgB-2- and HSV-1 -infected cells, the 
cells were fixed, in some cases permeabilized with 
nonionic detergent, and stained with a mouse mono- 
clonal antibody and fluoresceinated rabbit anti-mouse 
antibodies (see Fig. 7A-D). Cells infected with AdgB-2, 
and not permeabilized (C), displayed a stippled, patchy 



type of surface fluorescence similar to that found on 
the surface of HSV-infected cells (A) suggesting that 
gB was aggregated into microdomains of the surface 
of both HSV- and AdgB-2-infected cells. When HSV-1- 
infected cells were permeabilized (B), anti-gB antibody 
stained the nuclear envelope and various intracellular 
membraneous structures as well as the cell surface. 
Nuclear envelope staining was particularly noticeable 
because nuclei swell after infection with HSV. In con- 
trast, most of the intracellular gB in AdgB-2-infected 
cells (D) was contained in large cytoplasmic vacuoles 
although staining of the nuclear envelope and cyto- 
plasmic membranes was also observed. 

Extensive vacuolization in AdgB-2-infected cells was 
also apparent by bright field microscopy (Fig. 7F) and 
resulted in a cytopathic effect which was strikingly dif- 
ferent from that seen in wt Ad5-infected cells (Fig. 7E). 
It appeared that vacuoles observed using bright field 
microscopy correspond to vacules containing 
concentrated gB identified by fluorescent antibody 
staining. 

Processing and intracellular transport of gB in 
AdgB-2- and HSV-infected cells 

A number of studies have shown that pgB contains 
only high-mannose oligosaccharides and is principally 
localized to the nuclear envelope and rough endoplas- 
mic reticulum whereas mature gB has complex high- 
mannose oligosaccharides and is principally found in 
the Golgi apparatus and on the cell surface (Compton 
and Courtney, 1984; Johnson and Spear, 1982; 
Wenske et aL, 1982). In both AdgB-2- and HSV-1 -in- 
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fected cells mature gB was first detected after a 1-hr 
chase period (Fig. 8a) but a much larger fraction of pgB 
was converted to gB in AdgB-2-infected cells after a 
3.5-hr chase period than was converted in HSV-1 -in- 
fected cells. The conversion of pgB to gB was probably 
more extensive than depicted here because some in- 
corporation of [ 35 S]methionine occurred during the 
chase periods in this particular experiment. The more 
efficient conversion of pgB to gB in AdgB-2-infected 
cells versus HSV-1 -infected cells was not surprising 
since cell lines expressing HSV glycoproteins also pro- 
cess these polypeptides more efficiently and often 
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Fig. 6. S1 and primer extension analysis of AdgB2 gB-related 
transcripts. Total cytoplasmic RNA (20 fig) prepared from R970 cells 
6 hr postinfection with HSV-1 (F) or 36 hr postinfection with AdgB-2 
was hybridized to the indicated probe, and then treated with either 
S1 nuclease or AMV reverse transcriptase at 37 or 43°. as de- 
scribed under Materials and Methods. Products were displayed on 
an 8% sequencing gel. Lane 1, S1 analysis of AdgB-2 RNA; lane 2, 
S1 HSV-1 RNA; lane 3. primer extension, AdgB-2 RNA (43°); lane 4, 
primer extension, AdgB-2 RNA (37°); lane 5, primer extension, 
HSV-1 RNA (43°); lane 6, primer extension, HSV-1 RNA (37°). 
Markers (M) were 3'-labeled HpaW fragments of pBR322 DNA. 



more rapidly than HSV-1 -infected cells (Johnson and 
Smiley, 1985; Rosenthal et aL, 1987). 

To examine the kinetics with which newly synthe- 
sized gB reached the surface of AdgB-2-infected cells, 
cells were pulse-labeled with [ 35 S]methionine, label 
was chased for various times, and the cells were 
treated with trypsin to remove cell surface proteins 
(Fig. 8b). Approximately half of the pgB was converted 
to gB after a 1-hr chase period and a considerable 
fraction of the mature form of the protein was sensitive 
to trypsin (compare lanes C1- and C1+). After 2- or 
3.5-hr chase periods (C2 t C3) a larger fraction of the 
total gB was in the mature form and much of this was 
sensitive to trypsin. A large fraction of pulse-labeled gB 
is also sensitive to trypsin after 3.5 hr in HSV-1 -in- 
fected cells (results not shown). Therefore, the bulk of 
the gB synthesized in AdgB-2-infected cells was trans- 
ported, at least initially, to the cell surface although a 
significant fraction of the mature gB remained insensi- 
tive to exogenous protease. The trypsin-resistant frac- 
tion most probably remains in the cytoplasm of 
AdgB-2-infected cells but may also be trypsin-resistant 
for some other reason such as aggregation of gB. 

DISCUSSION 

Adenovirus vectors have been used for the expres- 
sion of a number of biologically important proteins and 
RNAs including polyomavirus middle T antigen 
(Berkner et aL, 1987; Davidson and Hassell, 1987), 
SV40 large T antigen (Gluzman et aL, 1 982; Thummel 
et aL, 1981), HSV thymidine kinase (Haj-Ahmad and 
Graham, 1986), human globin RNA (Karlsson et aL, 
1986), murine jz-immunoglobin RNA (Ruether et aL, 

1986) , and dihydrofolate reductase (Berkner ef aL, 
1987; Berkner and Sharp, 1984). In most of these ex- 
amples, foreign genes were substituted for the E1 re- 
gion of adenovirus, limiting replication of the vectors to 
cells capable of expressing E1 such as 293 cells (Gra- 
ham et aL, 1977). Using infectious bacterial plasmids 
described previously (Ghosh-Choudhury et aL, 1986, 

1987) , we constructed two adenovirus vectors with 
substitutions in the E3 region of the HSV-1 gB gene 
coupled to the SV40 early promoter. AdgB-1, which 
lacks E1 sequences and therefore must be propa- 
gated in 293 cells, stimulated the expression of high 
levels of gB in 293 cells but very low levels of the 
polypeptide in other human or mouse cells and these 
were detectable only late in infection. In contrast, 
AdgB-2 having an intact E1 region, was able to repli- 
cate well in all the human cell lines tested and stimu- 
lated the synthesis of high levels of gB in human cells 
and to a lesser but still substantial degree in mouse 
cell lines. Expression of gB occurred throughout most 
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Fig. 8. Processing and transport of gB to the celt surface, (a) R970 
cells were infected with HSV-1 (10 PFU/cell) or AdgB-2 (20 PFU/cell) 
and labeled at 7 hr postinfection (HSV-1) or 38 hr postinfection 
(AdgB-2) with [ 35 S]methionine for 10 min or labeled for 10 min and 
incubated with medium containing excess unlabeled methionine for 
30 min (C 1 ), 60 min (C2), 1 20 min (C3), or 2 1 0 min (C4). Cell extracts 
were made and gB was immunoprecipitated with monoclonal anti- 
body 15/JB2. (b) Cells infected with AdgB-2 were labeled as de- 
scribed above except that the chase periods were 60 min (C1), 120 
min (C2) t and 210 min (C3). Cell monolayers were then washed with 
PBS, and incubated with PBS(-) or PBS containing trypsin (+) for 10 
min at 37°. the trypsin was inactivated with PMSF, cell extracts were 
made, and gB was immunoprecipitated with monoclonal antibody 
150B2. The positions of gB and the immature form pgB are indi- 
cated. 

of the infectious cycle of AdgB-2 although synthesis of 
gB was not detected early, i.e., prior to 10 hr postin- 
fection. 

The lack of expression of gB early after infection of 
HeLa cells with AdgB-1 was somewhat surprising in 
light of our previous observations that gB synthesis 
could be easily detected in human or monkey cells 
transfected with pSV2gB (D. Johnson, unpublished). 
Reasoning that the adenovirus vector would deliver 
transcriptionally active copies of the SV2gB hybrid 
gene into these cells, we expected to be able to detect 
gB early in the infection especially when high multi- 
plicities of infection were used. Since this was not the 
case, the expression of gB may require replication of 



the adenovirus vector DNA. Consistent with this hy- 
pothesis was the observation that synthesis of gB was 
particularly low in mouse cells where replication of 
AdgB-2 is poor. 

Although the gB coding sequence present in 
AdgB-2 was linked to the SV40 early promoter, we 
were unable to detect gB-related transcripts initiated 
from the SV40 promoter. Instead, all detectable gB-re- 
lated RNAs appeared to initiate upstream of the SV40 
promoter. From the size and heterogeneity of cDNA 
species produced by primer extension it seems certain 
that at least some of the transcripts must initiate in 
upstream Ad5 sequences, and possibly involve the 
use of more than a single promoter and a variety of 
different splicing events. A subset of these transcripts 
appeared to splice to a site just downstream of the 
SV40 TATA box and it seem likely that the sequence 
CCGAGG present at this position in SV40 served as a 
cryptic splice acceptor. It is not yet clear which of the 
gB-related transcripts that we have detected are 
translated to give rise to the gB polypeptide expressed 
in AdgB-2-infected cells. Nevertheless, our results in- 
dicate that a functionally promoterless coding se- 
quence inserted into the E3 region of Ad5 can give rise 
to high levels of translatable mRNA. However, the fact 
that AdgB-t gave rise to high levels of gB protein in 
infected 293 cells indicates that expression is not re- 
stricted to genes inserted in the left to right orientation. 
We have also constructed an E1 containing adeno- 
virus vector analagous to AdgB-2 which has the 
gB-SV40 chimeric gene in the reversed, i.e., right to 
left orientation. Human R970 cells infected with this 
vector expressed gB although at lower levels than in 
AdgB-2-infected cells. Since adenovirus E1A gene 
products have been reported to repress SV40 en- 
hancer activity (Borrelli et a/., 1984; Velcich and Ziff, 
1985) we cannot say whether this vector and AdgB-1 
utilize the SV40 promoter for expression or rely on 
transcription originating to the right, for example in 
region E4. 

One notable observation to come out of these stud- 
ies was that sustained, high-level expression of gB 
markedly affected the cell morphology: cells infected 
with AdgB-2 rapidly became extensively vacuolated in 
contrast to cells infected with Sub54 virus which is 
virtually indentical to AdgB-2 except for the absence of 
the SV2gB gene. The vacuoles which accumulated in 
the cytoplasm of AdgB-2-infected cells appeared to 



Fig. 7. Distribution of gB in HSV-1- and AdgB-2-infected cells. (A-D) R970 cells growing on glass coverslips were infected with HSV-1 or 
AdgB-2 and fixed with 4% formaldehyde at 1 5 hr (HSV-1) or 44 hr (AdgB-2) postinfection. Fixed cells were either permeabilized with 0.1 % Triton 
X-100 or left nonpermeabilized prior to staining with anti-gB monoclonal antibody 150B2 and fluoresceinated rabbit anti-mouse IgG. HSV-in- 
fected. nonpermeabilized or permeabilized cells are shown in (A) and (B), respectively, and AdgB-2-infected nonpermeabilized or permeabilized 
cells are shown in (C) and (D). (E) and (F). respectively, show. results of bright field microscopy of cells infected with Sub54 or AdgB-2 (37 hr 
postinfection). 
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contain high concentrations of gB, and may have been 
induced by the expression of gB. It is noteworthy that 
in a recent study in which high-level expression of the 
lymphocytic choriomeningitis virus glycoproteins was 
attained using baculovirus vectors, extensive vacuol- 
ization of infected cells was also observed (Matsuura 
et ai, 1 987). Thus vacuolization associated with high- 
level viral glycoprotein synthesis in two such different 
systems may suggest this is a general or at least 
common phenomenon related to over expression of 
membrane glycoproteins. 

The distribution of gB on the surfaces of cells in- 
fected with AdgB-2 was extremely nonuniform, with 
the glycoprotein largely aggregated, as is also ob- 
served, late in HSV-1 infections. Oligomers of gB have 
been detected in extracts of virions (Sarmiento et al., 
1979) and infected cells (Claesson-Welsh and Spear, 
1986; Haffey and Spear, 1980). Therefore, if gB oligo- 
merizes or aggregates on the surfaces of AdgB-2-in- 
fected cells it may also be endocytosed producing 
vacuoles or endosomes which contain concentrated 
gB. In support of this hypothesis, we found that a large 
fraction of the gB synthesized in AdgB-2-infected cells 
is transported at least initially to the cell surface when 
much of the steady-state gB is localized to vacuoles. It 
is also possible that high-level expression of gB may 
induce vacuolation of cells by other mechanisms. The 
predicted structure of gB suggests that the polypep- 
tide may traverse the lipid bilayer three times and it has 
been suggested that this structure might act as an ion 
channel (Pellett et a/., 1985b) which could conse- 
quently perturb intracellular ionic concentrations after 
HSV infection (Fritz and Nahmias, 1972). Thus, sus- 
tained high-level expression of gB may also lead to 
accumulation of high concentrations of certain ions 
and cause vacuolation. lonophores such as monensin 
also cause extensive vacuolation of cells (Tartakoff 
and Vassalli, 1977) and accumulation of viral glyco- 
proteins in the vacuoles (Johnson and Schlesinger, 
1980; Johnson and Spear, 1982). 

Our finding that gB is largely concentrated in cyto- 
plasmic vacuoles in cells infected with AdgB-2 and not 
in HSV-1 -infected cells may be explained by two differ- 
ences between the two types of virus-infected cells. 
First, cells infected with AdgB-2 accumulate gB over a 
much longer period than HSV-1 -infected cells. Sec- 
ond, in HSV-infected cells, viral glycoproteins are 
packaged into virion envelopes in the nuclear envelope 
and then transported via the Golgi apparatus to the cell 
surface where a large fraction of virions remain bound 
to the cell surface (Johnson and Spear, 1982; Spear, 
1984). This process cannot occur in AdgB-2-infected 
cells and thus gB most probably accumulates on the 
cell surface and may enter cytoplasmic vacuoles by 
endocytosis. 



Increasing attention has been focussed on the use 
of recombinant viruses as potential vaccines. The use 
of vaccinia virus vectors is well advanced and their 
efficacy in animal immunization has been demon- 
strated (Kieny, eta/., 1984; Smith et al. t 1983). How- 
ever, toxic effects of the virus (Jones et ai, 1 986) may 
limit their widespread acceptance. Herpesviruses may 
also be suitable for some specific applications (Roiz- 
man and Jenkins, 1 985) but they have the disadvan- 
tages of being pathogenic and difficult to manipulate. 
Adenovirus serotypes 4 and 7 have been extensively 
used in vaccination against acute respiratory disease 
and have been administered to large numbers of mili- 
tary recruits, and found to be safe and effective (Dud- 
ding et ai, 1972; Meiklejohn, 1983; Takafuji et ai, 
1979). In addition, adenoviruses are relatively stable 
and grow to very high titers, and the vaccines can be 
administered orally. They replicate in the upper respi- 
ratory and gastrointestinal tracts of man and a number 
of vertebrates and thus may be advantageous for vac- 
cination against viruses which replicate at or near 
these sites such as influenza viruses, respiratory syn- 
cytial viruses, or perhaps HSV. We are presently test- 
ing the protective value of AdgB-2 vaccination in mice 
and monkeys and preliminary results have shown that 
anti-gB antibodies are produced in mice infected with 
AdgB-2. Because adenovirus vectors can infect a wide 
spectrum of mouse and human cells, including macro- 
phages, vectors such as those described here will un- 
doubtedly be useful in studies of the specificity of 
anti-HSV cytotoxic T lymphocytes (CTL) as well as in 
other studies where efficient expression of antigens is 
needed. Preliminary results suggest that mouse cells 
infected with AdgB-2 are not lysed by anti-HSV CTL 
which supports our previous finding that gB is not a 
CTL target in mice (Rosenthal et ai, 1987). We are 
attempting to use adenovirus vectors to express 
HSV-1 gC, which acts as a murine anti-HSV CTL tar- 
get, so that we can extend the CTL studies to humans. 

ACKNOWLEDGMENTS 

We are grateful to Silvia Bacchetti and Patricia Spear for gifts of 
monoclonal polyclonal antibodies. We would also like to thank Colin 
Nurse for help with bright field microscopy. We are indebted to 
Veronica Feenstra, Pamela Brinkley, and John Rudy for excellent 
technical assistance and Josephina Maljar for shining throughout. 

This work was supported by grants from the National Science and 
Engineering Council and Medical Research Council of Canada and 
the National CaTicer Institute of Canada. D.CJ. is a Scholar, J.R.S. is 
an Associate, and F.L.G. is a Terry Fox Research Associate of the 
National Cancer Institute of Canada. 

REFERENCES 

Arsenakis. M., Tomasi, L. F., Speziali, V., Roizman, B., and Campa- 
oelu-Fiume, G. (1986). Expression and regulation of glycoprotein 
C gene of herpes simplex virus 1 resident in a clonal L-cell line. J. 
Virol. 58, 367-376. 

Berk, A. J. t and Sharp, P. A. (1977). Sizing and mapping of early 



ADENOVIRUS VECTOR EXPRESSING HSV-1 gB 



13 



adenovirus mRNAs by gel electrophoresis of S1 endonuclease 
digested hybrids. Cell 12, 721-732. 
Berkner, K. L., Schaffhausen, B., Roberts, T. M., and Sharp, p. a. 
(1987). Abundant expression of polyomavirus T anitgen and dihy- 
drofolate reductase in an adenovirus recombinant. / Virol. 61, 
1213-1220. 

Berkner, K. L, and Sharp, P. A. (1984). Expression of dihydrofolate 
reductase and of the adjacent E1b region in an Ad5-dihydrofolate 
reductase recombinant virus. Nucleic Acids Res. 12, 1925-1941. 

Birnboim, H. C, and Doly, J. (1979). A rapid alkaline extraction 
procedure for screening recombinant plasmid DNA. Nucleic Acids 
Res. 7, 1513-1523. 

Bonner, W. M., and U\skey, R. A. (1 974). A film detection method for 
tritium-labelled proteins and nucleic acids in polyacrylarnide gels. 
Eur. J. Biochem. 46, 83-88. 

Borrelli, E. ( Hen, R. ( and Chambon, P. (1984). Adenovirus-2 E1A 
products repress enhancer-induced stimulation of transcription. 
Nature (London) 312, 608-612. 

Bzik, D. J., Fox, B. A., DeLuca, N. A., and Person, S. (1984). Nu- 
cleotide sequence of a region of herpes simplex virus type 1 gB 
glycoprotein gene: Mutations affecting rate of entry and cell fu- 
sion. \firology\3n 185. 

Cai, W., Person, S., Warner, S. C. Zhou, J., and DeLuca, N. A. 
(1987). Linker-insertion nonsense and restriction-site deletion 
mutations of the gB glycoprotein gene of herpes simplex virus 
type 1 . / Virol. 61 , 71 4-721 . 

Chan, W. L, Lukig, M. L. t and Liew, F. Y. (1985). Helper T cells 
induced by an immunopurified herpes simplex virus type 1 
(HSV-1) 1 15K glycoprotein (gB) protect mice against HSV-1 infec- 
tion. J. Exp. Med. 162, 1304-1318. 

Claesson-Welsh. L., and Spear. P. G. (1986). Oligomerization of 
herpes simplex virus glycoprotein B. / Virol. 60, 803-806. 

Compton, T.. and Courtney, R. J. (1984). Virus-specific glycopro- 
teins associated with the nuclear fraction of herpes simplex virus 
type 1 -infected cells. J. Virol. 49, 594-597. 

Davidson, D., and Hassell, J. A. (1987). Overproduction of poly- 
omavirus middle T antigen in mammalian cells through the use of 
an adenovirus vector. J. Virol. 61, 1226-1239. 

DeLuca, N., Bzik, D. J., Bond, V. C, Person, S., and Snipes, W. 
(1982). Nucleotide sequences of herpes simplex virus type 1 af- 
fecting virus entry, cell fusion, and production of glycoprotein gB 
(VP7). Virology 122, 41 1-423. 

Dudding, B. A., Top, F. H., Scott, R. M., Russell, P. K., and 
Buescher, E. L. (1972). An analysis of hospitalizations for acute 
respiratory disease in recruits immunized with adenovirus type 4 
and type 7 vaccines. Amer. J. Epidemiol. 95, 140-147. 

Edson, CM., Hosler, B. A., Respess. R. A., Waters, D. J., and 
Thorley-Lawson, D. (1985). Cross-reactivity between herpes 
simplex virus glycoprotein B and a 63,000 dalton varicella zoster 
envelope glycoprotein. J. Virol. 56, 333-336. 

Emini, E. A., Luka, J., Armstrong. M. E., Keller. P. tvl., Ellis, R. W., 
and Pearson, G. R. (1987). Identification of an Epstein-Barr virus 
glycoprotein which is antigenically homologous to the varicella 
zoster virus glycoprotein II and the herpes simplex virus glycopro- 
tein B. Virology 157, 552-555. 

Fritz, M. E., and Nahmias, A. J. (1972). Reversed polarity in trans- 
membrane protentials of cells infected with herpesviruses. Proc. 
Soc. Exp. Biol. Med. 139, 1159-1161. 

Ghosh-Choudhury, G., Haj-Ahmad, Y.. Brinkley, P., Rudy, J., and 
Graham, F. L. (1986). Human adenovirus cloning vectors based 
on infectious bacterial plasmids. Gene 50, 161-171. 

Ghosh-Choudhury, G., Haj-Ahmad. Y., and Graham, F. L. (1987). 
Protein IX, a minor component of the human adenovirus capsid, is 
essential for the packaging of full length genomes. EMBO J. 6, 
1733-1740. 



Glorioso, J., Kees, U., Humel. G.. Kirchner. G., and Krammer, P. H. 
(1985). Identification of herpes simplex virus type 1 (HSV-1) gly- 
coprotein gC as the immunodominant antigen for HSV-1 specific 
memory cytotoxic T lymphocytes. / Immunol. 135, 575-582. 

Gluzman, Y„ Reichl, K, and Solnick, D. (1982). Helper-free .adeno- 
virus 5 vectors. In "Eukaryotic Viral Vectors" (Y. Gluzman, Ed.), 
pp. 187-192. Cold Spring Harbor Laboratory, Cold Spring Harbor, 
NY. 

Gong. M., Ooka, T., Matsuo, T., and Kieff, E. (1987). Epstein-Barr 
virus glycoprotein homologous to herpes simplex virus gB. J. Virol. 
61, 499-508. 

Graham, F. L. (1 984). Covalently closed circles of human adenovirus 
DNA are infectious. EMBO J. 3, 2917-2922. 

Graham, F. L.. Bacchetti, S., McKinnon, R., Stanners. C. P.. Cor- 
dell, B., and Goodman, H. M. (1 980). Transformation of mamma- 
lian cells with DNA using the calcium technique. In "Introduction 
of Macromolecules into Viable Mammalian Cells" (R. Baserga, C. 
Croce, and G. Rovera, Eds.), pp. 3-25. A. R. Liss, Inc., New York. 

Graham, F. L.. Harrison, T., and Williams, J. (1978). Defective 
transforming capacity of adenovirus type 5 host range mutants. 
Virology 86, 10-21. 

Graham, F. L., Smiley, J., Russell. W. C. and Nairn, R. (1977). 
Characteristics of a human cell line transformed by DNA from 
human adenovirus 5. J. Gen. Virol. 36, 59-72. 

Graham, F. L, and van der Eb, A. J. (1 973). A new technique for the 
assay of infectivity of adenovirus 5 DNA. Virology 52, 456-467. 

Haffey, M. L., and Spear, P. G. (1 980). Alterations in glycoprotein gB 
specified by mutants and their partial revertants in herpes simplex 
virus type 1 and relationship to other mutant phenotypes. J. Virol. 
35, 1 14-128. 

Haj-Ahmad, Y. f and Graham, F. L. (1986). Development of a helper- 
independent human adenovirus vector and its use in the transfer 
of the herpes simplex virus thymidine kinase gene. J. Virol. 57, 
267-274. 

Heine, J. W., Honess, R. W.. Cassai, E.. and Roizman, B. (1974). 
Proteins specified by herpes simplex virus. XII. The virion polypep- 
tides of type 1 strains. J. Virol. 14, 640-651. 

Hoggan, M. D., and Roizman, B. (1959). The isolation and properties 
of a variant of herpes simplex virus producing multinucleated giant 
cells in monolayer cultures in the presence of antibody. Amer. J. 
Hyg. 70, 28-38. 

Johnson, D. C, and Feenstra, V. (1987). Identification of a novel 
herpes simplex virus type 1 -induced glycoprotein which com- 
plexes with gE and binds immunoglobulin. J. Virol. 61, 
2208-2216. 

Johnson, D. C., and Schlesinger, M. J. (1980). Vesicular stomatitis 
virus and Sindbis virus glycoprotein transport to the cell surface is 
inhibited by ionophores. Virology 103, 407-424. 

Johnson, D. C, and Smiley, J. R. (1985). Intracellular transport of 
herpes simplex virus gD occurs more rapidly in uninfected cells 
than in infected cells. / Virol. 54, 682-689. 

Johnson. D. C. and Spear, P. G. (1982). Monensin inhibits the pro- 
cessing of herpes simplex virus glycoproteins, their transport to 
the cell surface and egress of virions from infected cells. J. Virol. 
43, 1102-1112. 

Johnson, D. C. and Spear, P. G. (1 983). O-Linked oligosaccharides 
are acquired by herpes simplex virus glycoproteins in the Golgi 
apparatus. Cell 32, 987-997. 

Johnson, D. C, Wittels, M., and Spear, P. G. (1984). Binding to 
cells of virosomes containing herpes simplex virus type 1 glyco- 
proteins and evidence for fusion. J. Virol. 52, 238-247. 

Jones. L. t Ristow. S.. Yilma, T., and Moss, B. (1986). Accidental 
human vaccination with vaccinia virus expressing nucleoprotein 
gene. Nature (London) 319, 543. 

Karlsson, S., Van Doren, K., Schweiger, S. G.. Neinhuis. A. W., and 



14 



JOHNSON ET AL. 



Gluzman, Y. (1986). Stable gene transfer and tissue-specific ex- 
pression of a human globin gene using adenoviral vectors. EMBO 
J. 5, 2377-2385. 

Kieny. M. P., Lathe, R.. Drillien, R., Spehner, D., Skory, S., 
Schmitt, D., Wiktor, T., Koprowski, H., and Lecoco, J. P. (1984). 
Expression of rabies virus glycoprotein from a recombinant vac- 
cinia virus. Nature (London) 31 2, 1 63-1 66. 

Kn\ S., Dubbs, D. R. r Piekarski, L J., and Hsu, T. C. (1963). Deletion 
of thymidine kinase activity from L cells resistent to bromodeoxy- 
uridine. Exp. Cell Res. 31 , 297-312. 

Klessig, D. F. (1984). Adenovirus-simian virus 40 interactions. In 
"The Adenoviruses" (H. S. Ginsberg, Ed.), pp. 399-449. Plenum, 
New York. 

Little, S. P., and Schaffer, P. A. (1 981 ). Expression of the syncytial 
(syn) phenotype in HSV-1, strain KOS: Genetic and phenotypic 
studies of mutants in two syn loci. Virology 112, 686-697. 

Mandel. M., and Higa, H. (1970). Calcium-dependent bacterio- 
phage DNA infection. / Mol. Biol, 53,159-162. 

Maniatis, T.. Fritsch, E. F., and Sambrook, J. (1982). "Molecular 
Cloning. A Laboratory Manual." Cold Spring Harbor Laboratory, 
Cold Spring Harbor, NY. 

Manservigi, R. t Spear. P. G. ( and Buchan, A. (1977). Cell fusion 
induced by herpes simplex virus is promoted and suppressed by 
different glycoproteins, Proc. Natl. Acad. Sci. USA 74, 
3913-3917. 

Matsuura, Y., Possee, R. D.. Overton, H. A., and Bishop, D. H. L. 
(1 987). Baculovirus expression vectors: The requirements for high 
level expression of proteins including glycoproteins. / Gen. Virol. 
68, 1233-1250. 

Meiklejohn, G. (1 983). Viral respiratory disease at Lowrey Air Force 
Base in Denver, 1952-1982./ Infect Dis. 148, 775-784. 

Morin, J. E., Lubeck, M. D., Barton, J. E. t Conley, A. J., Davis, A. R., 
and Hang, P. P. (1987). Recombinant adenovirus induces anti- 
body response to hepatitis B virus surface antigen in hamsters. 
Proc. Natl. Acad. Sci. USA 84, 4626-4630. 

Nevins. J. R. (1981). Mechanism of activation of early viral transcrip- 
tion by the adenovirus E1A gene product. Cell 26, 213-220. 

Pachl, C, Burke, R. L, Stuve, L L, Sanchez-Pescador, L., van G., 
Masiarz, F., and Dina, D. (1987). Expression of cell-associated 
and secreted forms of herpes simplex virus type 1 glycoprotein gB 
in mammalian cells. J. Virol. 61 , 31 5-325. 

Pellett. P. E., Biggin, M. D., Barrall, B., and Roizman, B. (1985a). 
Epstein-Barr virus genome may encode a protein showing signifi- 
cant amino acid and predicted secondary structure homology 
with glycoprotein B of herpes simplex virus 1. J. Virol. 56, 
807-813. 

Pellett, P. E., Kousoulas, K. G., Pereira, L., and Roizman, B. 
(1985b). Anatomy of the herpes simplex virus 1 strain F glycopro- 
tein B gene: Primary sequence and predicted protein structure of 
the wild type and of monoclonal antibody-resistant mutants. / 
Virol. 52, 243-253. 

Persson, R. H., Bacchetti, S.. and Smiley, J. R. (1985). Cells that 
constitutively express the herpes simplex virus immediate-earty 
protein ICP4 allow efficient activation of viral delayed-early genes 
in trans. J. Virol. 54, 414-421 . 

Rhim. J. S., Cho, H. Y., and Huebner. R. J. (1975). Non-producer 
human cells induced by murine sarcoma cells. Int. J. Cancer 15, 
23-29. 

Roizman, B., and Jenkins, F. J. (1985). Genetic engineering of novel 
genomes of large DNA viruses. Science 229, 1208-1214. 

Rosenthal, K. L,, Smiley, J. R., South, S.. and Johnson, D. C. (1987). 
Cells expressing herpes simplex virus glycoprotein gC but not gB t 



gD or gE are recognized by murine virus-specific cytotoxic T lym- 
phocytes. / Virol. 61, 2438-2447. 
Ruben, M., Bacchetti, S., and Graham, F. L. (1983). Covalently 
closed circles of adenovirus 5 DNA. Nature (London) 301 
172-174. 

Ruether, J. E., Maderious, A.. Lavery, D., Logan, J., Fu, S. M. ( and 
Chen-Kiang, S. (1986). Cell-type specific synthesis of murine im- 
munoglobulin RNA from an adenovirus vector. Mol. Cell Biol 6 
123-133. 

Sarmiento, M., Haffey, M., and Spear, P. G. (1979). Membrane 
proteins specified by herpes simplex viruses. III. Role of glycopro- 
tein VP7 (B2) in virion infectivity. J. Virol. 29, 1 149-1 160. 

Sarmiento. M., and Spear, P. G. (1979). Membrane proteins speci- 
fied by herpes simplex viruses. IV. Conformation of the virion 
glycoprotein designated VP7 (B2). J. Virol. 29, 1 159-1 167. 

Schaffhaussen, B. S., Bockus, B. J., Berkner, K. L., Kaplan, D. ( and 
Roberts. T. M. (1987). Characterization of middle T antigen ex- 
pressed by using an adenovirus expression system. J. Virol 61 
1221-1225. 

Smiley, J. R., Smibert C, and Everett, R. D. (1 987). Expression of a 
cellular gene cloned in herpes simplex virus: Rabbit 0-globin is 
regulated as an early viral gene in infected fibroblasts. J. Virol 61 
2368-2377. 

Smith, G. L. Mackett, M., and Moss, B. (1983). Infectious vaccinia 
virus recombinants that express hepatitis virus surface antigen. 
Nature (London) 302, 490-495. 

Snowden, B. W., KtLLiNGTON, P. R., Powell, K. L, and Halliburton, 
I. W. (1985). Antigenic and biochemical analysis of gB of herpes 
simplex virus type 1 and 2 and of cross-reacting glycoproteins 
induced by bovine mammilitis virus and equine herpesvirus type 
1./ Gen. ViroL 66, 231-247. 

Spear, P. G. (1984). Glycoproteins specified by herpes simplex vi- 
ruses, in "The Herpesviruses" (B. Roizman. Ed.), pp. 315-356. 
Plenum, New York. 

Takafuji, E. T., Gaydos, J. C, Allan. R. G., and Top, F. H. (1979). 
Simultaneous administration of live, enteric-coated adenovirus 
types 4, 7, and 21 vaccines: Safety and immunogenicity. J. Infect 
Dis. 140, 48-53. 

Tartakoff. A. M., and Vassalli, P. (1977). Plasma cell immunoglob- 
ulin secretion: Arrest is accompanied by alterations of the Golgi 
complex. / Exp. Med. 146, 1332-1345. 

Thummel, C, Tjian, R., and Grodzicker. T. (1981). Expression of 
SV40 large T antigen under control of Ad promoters. Cell 23 
825-836. 

Torseth. J. W., Cohen, G. H., Eisenberg, R. J., Berman, P. W., las- 
key. L. A., Cerini, C. P., Heilman, C. J., Kerwar, S.. and Merigan, 
T. C. (1 987). Native and recombinant herpes simplex virus type 1 
envelope proteins induce human T-lymphocyte responses. J 
Virol. 61, 1532-1539. 

Velcich, A., and Ziff, E. (1985). Adenovirus E1A proteins repress 
transcription from the SV40 early promoter. Cell 40, 705-716. 

Wenske, E. A., Bratton, M. W., and Courtney, R. J. (1 982). Endo-0- 
A/-acetylg!ucosaminidase H sensitivity of precursors to herpes 
simplex virus type 1 glycoproteins gB and gC. / Virol 44 
241-248. 

Zarling, J. M., Morgan, P. A., Burke, R. L., Pachl, C, Berman, 
P. W., and Laskey, L. L. (1986). Human cytotoxic T cell clones 
directed against herpes virus infected cells. IV. Recognition and 
activation by cloned glycoproteins gB and gD. J. Immunol. 136 
4669-4673. 

Zezulak. K. M., and Spear. P. G. (1984). Limited proteolysis of 
herpes simplex virus glycoproteins that occurs during extraction 
from Vero cells. J. Virol. 50, 258-268. 



